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• Vaporization in the flow path could cause seal failure by overheating; therefore, 
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• Computed flow levels for the 50-mm seal are approximately 30 mm J /s (4.7 gpm) at 
pressure levels of 5.17 MPa (750 psi). Film thickness is 0.0236 mm (0.93 mils) and 
the interface speed is ld3 m/s (600 ft/s). 

The floating-ring, Rayleigh-step seals were exposed to an extensive testing program. 
Successful operation was demonstrated at speeds up to 5760 m/s (55,000 r/min), and 
buffer fluid pressure levels of 1379 kPa (200 psia). Average leakage rates per ring 
were 0.0016 kg/s (20.2 scfm). Multiple high acceleration starts at 152 m/s^ (500 
ft/s^) were accomplished without incident. Several seal failures did occur, but were 
attributed to external influences such as excessive rig vibration and contamination of 
the helium supply system. 

The program clearly pointed out the need to consider system environmental factors such 
as thermal and centrifugal distortions and rotor vibrations in the seal design. More 
liberal seal clearances would probably have permitted operation to 7330 rad/s (70,000 
r/min), but rig changes made to improve dynamic response altered the seal environment 
and caused greater than anticipated clearance closure due to thermal growth. 
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1.0 j. INTRODUCTION 


Liquid oxygen (LOX) turbopumps are high-speed, high-pressure, and high-power 
density machines that require effective sealing between the high-pressure LOX 
being pumped at the impelLer end of the machine and the gaseous steam at the 
turbine end of the unit. 

Under NASA Contract NAS3-23260, Mechanical Technology Incorporated (MTI) 
conducted a technology program for ^.eals to be used in advanced LOX turbo- 
pumps. Two types of seals were examined; a primary spiral-groove LOX seal and 
a floating-ring helium buffer seal with Rayleigh step, hydrodynamic lift pads. 
Two 3 haft sizes of 20 mm and 50 mm were conside a for each seal type. The 
function of the spiral-groove LOX seal is to limit leakage of high-pressure 
LOX generated by the pump impeller. It seals LOX fluid in a seal chamber in 
which the pressure is typically maintained at 3 to 5 MPa (435 to 725 psig). 
The function of the floating-ring helium buffer seal is to separate the gase- 
ous steam that drives the turbine from the LOX end of the machine. Helium is 
used as a buffer fluid at a maximum pressure of 1.38 MPa (200 psia). 

Figure 1-1* is a cross section of a LOX turbopump that incorporates both types 
of seals. Other configurations that utilize a double suction impeller obviate 
the need for the LOX end seal, but still require the helium buffer seal. 

In Figure 1-1, the flow path through the spiral-groove face seal is as 
follows. From the discharge of the impeller, the flow that does not enter the 
volute leaks to the backside of the impeller and into the bearing compartment 
through two orifices formed by the clearance space between the impeller and 
the housing. These orifice openings adjust as a function of the thrust load- 
ing and direction and form an integral component of the thrust balancing 
system. After flowing through the bearings (for cooling purposes), the flow 
passes through a labyrinth seal to break down the pressure from approximately 
29.6 MPa to 3.45 MPa maintained in the seal chamber. Upon entering the seal 


*For ease of readership, illustrations throughout this report are included at 
the end of each section. In this section, they begin on page 1-5. 
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chamber, the flow takes two paths. One path i i the Leakage through the face 
type seal; the other is a recirculation line to the pump inlet. These sepa- 
rate flow paths are indicated on Figure 1-1. It is important that there is a 
constant injection flow circulating through the seal chamber to carry away 
heat developed by the r ace seal. 

At the turbine end of the machine, helium buffer fluid is introduced between 
the opposed pair of rings of the floating-ring seals at a maximum pressure of 
approximately 1379 kPa (200 psia). The Leakage from the face seal and LOX 
side of the floating-ring seal discharge from the machine through a common 
drain . 

The seal development program was not directed toward a specific machine, but 
was intended to cover a broad range of sizes and conditions. Two seal sizes 
were investigated, one for a 20-mm diameter shaft and the other for a 50-mm 
diameter shaft. Table 1-1 identifies targeted requirements and operating 
conditions . 

Although leakage requirements were not specified, they wei 5 to be as small as 
practicable because leakage reduction translates directLy into increased 
vehicle payload. The 183 m/s (600 ft/s) interface speed was a target require- 
ment that could not practically be met with the 20-mm shaft diameter. It 
necessitates operating shaft speeds of approximately 18,326 rad/s 
(175,000 r/min). The maximum design speed of the rig was 10,472 rad/s 
( 100 , 000 r/min ) . 

The program that was accomplished included the following: 

1. Analysis, design, manufacture, and test of 50-mm Rayleigh-step helium 
buf fer seals . 

2. Analysis and design of 20-mm Rayleigh-step helium buffer seals. 

3v Analysis, design, and manufacture of 50-mm spiral-groove LOX seals. 

4. Analysis and design of 20-mm spiral-groove LOX seals. 
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5. Analysis, design, and manufacture of a 9eal test rig designed f r maximum 
speeds of 7330 rad/s (70,000 r/min) for 50-mm seal testing and 
10,472 rad/s (100,000 r/min) for 20-mm seal testing. 


6 . 


Design and installation of a seal test facility at Wyle Laboratories, 
Norco, California. 


7. Completion of a test program for the 50-mm, helium buffered Rayleigh-step 
seal . 


8. The program produced extensive documentation. In addition to this final 
report and separate Executive Summary, References [l]*, [2], and [3] are 
interim reports concerned with the analysis and design of the LOX spiral- 
groove seals, Rayleigh-step helium buffer seals, and the test rig, respec- 
tively. Reference [4] describes the test plan including the design of the 
test facility. 


Several sets of spiral-groove face seals and Rayleigh-step floating ring seals 
were manufactured in the 50-mm size, by Stein Seal Company of Philadelphia, 
Pennsylvania. Stein completed manufacturing drawings and contributed to the 
final designs. 


In addition to the tasks described above, MTI supplied to NASA/LeRC for inter- 
nal use a series of computer codes for analyzing the spiral-groc /e and 
Rayleigh-step seals. Brief descriptions of these codes follow. 


• Spiral-Groove Se al Codes 

SPIRALTI - is used for establishing the geometry and fluid-film performance 
of spiral-groove seals. Turbulence and ine-tia are included and the geom- 
etry can be optimized on the basis of stiffness. 

^Numbers in brackets denote references that can be found in Section 9.0. 
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D SEALBI 2 - establishes complete seal performance of a given geometry includ- 
ing film thickness, flow, power loss, temperature rise, elastic thermal 
distortions and stresses, and dynamic response characteristics. 

* Floating-Ring Seal Codes 

RASTEPCO - is used for optimizing the geometry of the shrouded Rayleigh-step 
compressible fluid seal configuration and producing steady state perform- 
ance. The code als< produces fluid-film forces as a function of eccentrici- 
ty vatio for use in the dynamics code described below. 

RINGDY - determines dynamic response of a fluid-film (compressible fluid) 
floating-ring seal as a function of given shaft excursions. Coulomb fric- 
tion occurring along the side walls is taken into account. The program 
produces crbital response of the ring and establishes whether the ring is 
properly following the shaft. 

FLOWCA L - was written to provide more accurate leakage predictions for the 
floating-ring seal. The RASTEPCO code computes flow on the basis of viscous 
laminar theory. FLOWCAL computes gas flow through an annular clearance of 
finite length exposed to an axial pressure gradient, including combined 
inertia, viscous effects, and seal ring eccentricity. The thermodynamic 
behavior of the fluid can be preselected to be isothermal or adiabatic. 

This report has been organized so that significant results, conclusions, and 
recommendations are presented up front. For those involved in the details of 
seal technology including analysis, design, testing, instrumentation, etc., 
subsequent sections of the report would be informative. Also, an Executive 
Summary (MTI 85TR21) has been generated that concisely presents the more 
significant results of the program effort. 
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TABLE 1-1 


RE QUIREMENTS AND OPERATIN G CONDITIONS 


Spiral Croove Seals 


ShafC Diameter (mm): 

Maximum Pressure (MPa): 
Fluid: 

Interface Speed: 

Start-Up Acceleration: 
Minimum Operating Life (h): 
Minimum Number of Starts: 


50/20 

5.17/5.17 (750 psia) 
LOX 

183 m/s (600 ft/s 2 ) 
152.4 m/s 2 (500 ft/s 2 ) 
10 
300 


Helium Buffer Seals 


Shaft Diameter (mm): 

Maximum Pressure (MPa): 
Fluid : 

Interface Speed: 

Start-Up Acceleration: 
Minimum Operating Life (h): 
Minimum Number of Starts: 


50/20 

1.38/1.38 (200 psia) 

Helium Gas 

183 m/s (600 ft/s) 

152.4 m/s 2 (500 ft/s 2 ) 

10 

300 
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2.0 SUMMARY OF SIGNIFICANT RESULTS AND CONCLUSIONS 


In this section, a broad summary of the results of the program are presented 
with relevant descriptive material, conclusions, and recommendations. Both 
types of seals are discussed as well as the test rig and instrumentation. 

2.1 Configuration and Principle of Operation of a 50 -mm Helium Buffer Seal 

Figure 2-1* shows a schematic representation of the helium buffered, float- 
ing-ring seal. The seal consists of two rings that are mounted back-to-back. 
The helium buffer fluid enters between the rings and forces the rings up 
against the stationary housing. The buffer fluid leaks in the clearance annu- 
lus between the shaft and the seal and prevents ingress of exterior fluid on 
either side of the floating-ring assembly. 

The rings are held in equilibrium by a number of forces as shown in 
Figure 2-1. Fc is a pressure force from the inlet buffer fluid that forces 
the rings up against the housings. This pressure force is balanced patt way 
on the housing sides of the rings indicated by Fg. Fg represents a hydrody- 
namic force that is generated by rotation between the shaft and the ring. The 
net hydrodynamic force is zero when the shaft and rings are in the concentric 
position. However, when the ring becomes eccentric with respect to the shaft, 
a hydrodynamic force is built up that opposes the eccentricity. There is also 
a normal force, Fg, acting on the ring at the contact area bet :een the ring and 
the housing. Generally, i- 3 maintained as small as possible to minimize 
frictional resistance forces. To minimize Fg, the balance force, Fg, should 
be as large as possible. Therefore, the contact area is small and is located 
as close to the shaft as is practicable, but with sufficient housing clearance 
to permit the necessary shaft excursions. In addition to the equilibrium 
forces mentioned above, there is a friction force, Ff, between the seal ring 
and housing. 


^Figures are presented consecutively, beginning on page 2-18. 




Figure 2-2 shows Che hydrodynamic geometry Chat is incorporated into the bore 
of the seal rings. A portion of Che Length of the bore i3 segregated into 
sectors and these sectors are separated from one another by axial grooves. A 
circumferential groove that goes completely around the bore is incorporated 
before the seal dam region. At the interior of the sectors, Rayleigh-step 
pockets are machined. Hydrodynamic pressures are generated by viscous pumping 
of the fluid over the Rayleigh step. Surrounding the Rayleigh-step gas bear- 
ing by the high-pressure ambient, results in increased load capability. The 
sealing occurs across the dam which is a narrow annulus of lov< clearance 
exposed to high pressure at its interior circumferential groove ind to lower 
pressure at its outboard end. The shaded regions on Figure 2-2 indicate 
depressions from grooves and Rayleigh-step pockets. Figure 2-3 is a photo- 
graph of a carbon ring seal set with embedded thermocouples for temperature 
measurement . 

2.2 Test Results of the 50 -mm Rayle i gh-Step Helium Buffer Seal 

Four helium seal sets and three runners were tested during the course of the 
program. All were subjected to steady-state tests while two sets additionally 
underwent high acceleration rate tdsts. The tests resulted in 613 min of 
cumulative running time and 90 high acceleration rate starts. Table 2-1* 
provides a brief summary of the tests performed. 

The seals performed successfully over a broad range of conditions, including 
the full design pressure of 1379 kPa absolute (200 psia). The design speed of 
7330 rad/s (70,000 r/min) was not achieved. The first three seal tests were 
limited to about 5235 rad/s (50,000 r/min) due to a dynamics problem in the 
test rig. After modifications were made to correct the problem, a fourth seal 
test was run. 

Seal set No. 2 completed the test program to the maximum speed capability of 
the rig without damage, including 50 high acceleration start-ups. 


*Tables are presented consecutively, beginning on page 2-41. 
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The failure of seal set No. 1 was directly attributable to large amplitude 
motions of the seal runner. The estimated amplitude was 0.038 to 0.(138 mm 
(1.5 to 2 mils) peak to peak which was well beyond the acceptable range. Seal 
set No. 3 failed because of contamination in the helium supply system that 
infiltrated the ring clearance. 

Testing of seal set No. 4 was accomplished subsequent to modification made to 
the rig to achieve full speed. The changes clearly had a beneficial effect 
and allowed operation to proceed to 5968 rad/s (57,000 r/min) with mucn lower 
vibration levels. The modification, however, resulted in a higher temperature 
seal environment. Seal failure resulted by consumption of available clearance 
at a speed of 5968 rad/s (57,000 r/min). The rig did not show evidence of 
excessive vibrations. The indications were that full speed operation of 
7330 rad/s (70,000 r/min) could be achieved, and seal failure would not ha^e 
occurred if larger installed clearances were incorporated. 

Figure 2-4 indicates the steady-state data points for seal set No. 2, as a 
function of speed and helium supply pressure superimposed upon a theoretical 
operating range map. Analytically, there are two limitations on performance: 

1. Insufficient hydrodynamic forces to overcome friction forces - a 
low-speed, high-pressure constra.ot identified by the high friction 
region on the figure 

2. Insufficient friction to counteract, inertia forces - a high-speed, 
low-pressure constraint identified as the low friction region on the 
f igure . 

Figure 2-4 shows an operating range map for the 50-mm seal that accounts for 
all constraints. If the pressure follows a speed squared relationship to a 
maximum of 1379 kPa (200 psia) at 7330 rad/s (70,000 r/min), it was expecte. ' 
that seal performance would be satisfactory. The majority of the data points 
fall into the high friction region where friction forces on the seal ring 
exceed hydrodynamic fluid-film forces. Most of the testing revealed that the 
seal ring remained stationary and shaft movement was contained inside the 
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clearance region. Any movement: ot the ring was •.« another stationary position 
to accommodate variation in shaft eccentricity at the seal ring location. 

Figure 2-5 shows flow data versus pressure drop for the outboard seal ring on 
seal set No. 2 at various operating speeds. The solid lines represent theore- 
tically predicted flows at various radial clearances. Theoretical flow is 
independent of speed. Speed increases cause clearance reduction because of 
centrifugal runner growth and thermal expansions. Consequently, flow gener- 
ally decreased with speed. 

The most accurate film thickness measurements were obtained from the outboard 
seal ring of seal set No. 4. Four probes were embedded in this ring and 
directly measured the film thickness between the 3eai ring and the shaft. 
Flow versus pressure drop data are shown on Figures 2-6 and 2-7. The results 
indicate chat measured clearances are lower Chan theoretical predictions for 
equal flows and pressures. However, there are indications of bypass flow 
between the seal rings and housing that could account for some of the differ- 
ences noted. 

2 . 3 C onclusions and Re com m enda t ions for the bO-mm R ayle i gh-St ep Sea 1 

The general conclusions drawn from the 50-mm Rayleigh-step floating-ring 
helium buffer seal program are as follows: 

* The program results confirm the capability of the seals to perform well in 
cryogenic turbomachines. Seal set No. 2 went through its complete test 
program unscathed and could be readi’ - inserted into a machine and rerun. 
Eight steady-state runs were made resulting in a accumulative test time of 
261 min. Also, a total of 50 fast starts were completed with average accel- 
eration rates of over 152.4 m/s^ (500 ft/s*). Although full design inter- 
face speed of 183 m/s (600 ft/s) was not achieved, the seals performed very 
satisfactorily up to an interface speed of approximately 144 m/s (472 ft/s) 
which is 1.53 times faster than previously reported results for cryogenic 
applications [5]. In addition, full pressure drop of 1379 kPa absolute 
(200 psia) was accomplished up to a speed of 126 m/s (412 ft/s). There was 
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every indication that a greater machined clearance tor anal set No. 4 would 
have permitted full speed, lull pressure operation. 

Leakage flow ranges per seal ring averaged between 0.001 and 0.002 kg/s 
(13 to 25 scfm) and were not significantly affected by pressure drop and 
speed. The most sensitive parameter is clearance. Examination of Figure 
2-7 reveils that the measured flow varies approximately as the 2.5 power of 
clearance at a constant pressure drop. Figure 2-8 shows a maximum flow 
envelope for each 3eal set as a function of pressure drop. Each flow curve 
represents the higher of the two rings (inboard or outboard) flows at a 
given operating point. The highest flow recorded was 0.0026 kg/s (33 scfm). 
However, typical flows ranged between 0.001 and 0.002 kg/s (13 and 25 scfm). 
Figure 2-9 shows flow data for a single speed of 4712 rad/s (45,000 r/inin). 
While it was not the highest speed tested, it is the highest speed at which a 
wide range of supply pressures were applied to mch seal set. Seal Sets No. 
2 and No. 3 had maximum pressure drops of 13G5 icPa (198 psia) and 1250 kPa 
(181 psia). Maximum flow levels are 0.0019 kg/s (24 scfm). 

Two of the three seals that failed by high-speed contact did so because of 
external factors unrelated to seal design and performance. One failure 
occurred because of excessive shaft vibrations and another by a contaminated 
hel i um supply . 

The seal design process requires integration with the machine environment. 
Thermal expansions and contractions and centrifugal growth of the runner are 
important considerations To correct test rig vibrations, changes were made 
that altered the 3eal environment. The program did not permit detail 
studies to be made to determine the effects of the environmental changes on 
seal set No. 4. As a result, the seals were installed with insufficient 
clearance. More liberal clearances would have permitted successful full 
speed operation. 

The material combination 1P-5N carbon graphite ring3 versus tungsten 
carbide coated runner) was not tolerant of high-speed rubs. The runner, in 
particular, performed badly. It retained carbon transfer, closing up seal 
clearances. Localized heating caused upset and flaking of the tungsten 


carbide coating. barge surface area rubs also caused "wipe -out" of the 
RayLeigh steps machined into tne carbon rings. Investigation of alternate 
material combinations wa3 beyond the scope of the program, but more suitable 
materials should be a future consideration. 

The analytical tools used in the design process were very effective in 
predicting fluid-film performance and dynamic response. Initially, leakage 
was computed using viscous flow theory which proved to be difficult to 
correlate with experimental results. It was necessary to modify the flow 
theory to include entrance and film inertia losses (see Appendix A). This 
improved correlation and interpretation, however, discrepancies stillexist . 
For the same flow and pressure, theoretical clearances are larger than meas- 
ured by a factor of approximately 1.6. This is not a large factor consider- 
ing the sensitivity uf flow with film thickness. There was also evidence of 
bypass leakage along the end walls that was not accounted for by theory. 
However, further effort remains to explore in depth the reasons for the 
variations. 

Dynamic response of the rings did not appear to be a serious problem. Anal- 
ysis indicated that the rings should have low mass to dynamically track 
runner excursions. Consequently, they were made of carbon without composite 
metaLlic rings on the outer circumferences. In most instances, the rings 
were maintained in a static position. Test ri: speed limitations caused 
most test points to be in the high friction region of the operating range 
map (Figure 2-4), but there appeared to be sufficient hydrodynamic capabil- 
ity to move the ring3 when necessary. Dynamic response of the seal rings 
probably would have been more active at full design speed. 

"eal motions did arise on several occasions. The principal occurrence was 
with the inboard ring of the seal set No. 3. The seal ring developed an 
in-phase, generally elliptical orbit. The orbit was observed at all three 
test speeds of 3665, 4188, and 4712 rad/s (35,000, 40,000, and 45,000 r/min) 
and became larger in amplitude as the supply pressure was increased. The 
maximum orbit diameter was approximately 0.025 to 0.030 mm (0.001 to 
0.0012 in.). The runner orbit was approximately 0.010 to 0.013 mm 
(0.0004 to 0.0005 in.) so that some amplification was taking place. This 



ring did not fail nor make t out ait with tin* runner and attest to t ho excel- 
Lent dynamic qualities ot the seal system. It is speculated that a fluid 
film existed between the rings and end walls, minimizing frictional resist- 
ance of the rings to shaft-induced motions. 

2.4 Results and Conclusions tor the 20-tnm Rayleigh-Step Helium Buffer Seal 

For this 3eal , theoretical and design investigations were made and the follow- 
ing is a summary of the significant results and conclusions: 

The maximum test rig speed is 10,472 rad/s (100,000 r/min). This linits the 
surface speed of a 20~mm diameter shaft to 104.5 m/s (343 ft/s). Thus, it 
w f u 1 d not be possible to test the 20-mm seat at the specified condition of 
lb3 m/s (600 ft/s). Surface speed limitations also restrict fluid-film 
hydrodynamic, force generation necessary to overcome seal ring friction. It 
was determined that the maximum buffer fluid pressure at, 10,472 rad/s 
(LQQ,QQQ r/min) would be 689 kPa (100 psia). Figure 2-10 shows the operat- 
ing range map for the 20 -mm seal, indicating the high and low friction 
regions that would cause difficulty. The operating range is narrower than 
for the 50-mm design. Also indicated on the curve is the speed squared 
relationship with pressure to be used in test. Regions of Low friction are 
encountered as the shaft comes i ,r > to speed where excessive ring motions 
would occur if operation was sustained. However, if the seal system does 
not dwell at these conditions, it could pass through them without endanger- 
ing seal operation. 

* Centrifugal expansion for the 20-mm seal runner is negligible because the 
runner is integral with the small diameter shaft. Thermal contractions, 
however, require very close installation clearances of 0.0102 to 0.0229 mm 
(0.0004 to 0.0009 in.) diametral clearance. Mating the rings directly 
against the shaft is desirable since it removes the uncertainties of runner 
growth and distortions. Material combinations should be such that the shaft 
survive high-speed rub3 . 

* As with the 50-mm seals, low mass and all carbon rings are required for 
dynamic tracking. 
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2.5 Des cription and Princip le of OperarJ on o f the Spiral-G roov e LOX S eal i 


The spiral-groove face 3eal is a prime candidate for application to LOX turbo- 
pumps. It is a fluid-film seal that can effectively inhibit leakage and avoid 
rubbing contact that could cause catastrophic explosion failure in a LOX envi- 
ronment. As described in Section 1.0, the function of the LOX seal is to aid 
in preventing leakage of LOX from the pump end of the machine. 


Originally, MTT examined a conventional type of spiral-groove seal that was 
labeled the straight-through design. The spiral grooves extended to the 
outside diameter and the fluid • 's pumped inward to a dam region at the inte- 
rior ID of the seal. Although excellent performance characteristics were 
predicted, the straight-through designs were ult : mately abandoned because of 
the probability of vaporization in the flow path. 

The pressure-balanced concept selected was conceived by NASA/LeRC ?. i recom- 
mended for the LOX turbopump application because it obviated vaporization 
problems and reduced net axial loading. 


2.5.1 Special Considerations for LOX 

2.5. 1.1 Fluid Vaporization . Because of the many restrictions the fluid pass- 
es through before it reaches the seal compartment, it enters relatively hot. 
However, since it i3 at high pressure, it is still a liquid. When passing 
through the seal, it is further heated by viscous shear and simultaneously the 
pressure drops to the seal exhaust ambient. Thus, upon discharging from the 
seal interface, it is in a mixed vapor state. At ambient pressure, the satu- 
ration temperatures of LOX is -183°C (-297. 4°F); the discharge temperature in 
the seal interface can be significantly higher and is generally around -115°C 
(-175°F). Therefore, vaporization is likely. Vaporization in the 
spiral-groove leakage path can block the through-! low which assists in carry- 
ing away the heat generated in the interface. This leads to further vaporiza- 
tion, reduction in fluid viscosity, and consequently load capacity. 
Ultimately, the seal fails due to overload and overheating. Therefore, an 
adequate seal design must handle vaporization without seriously jeopardizing 
performance . 
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2. 5. 1.2 Fluid Turbulence. The criterion for turbulence i s that the ratio ot 


inertia to viscous fluid forces, which is the commonly applied Reynolds 
number, be greater than 1000 [6]. The Reynolds number is a dimensionless 
quantity defined as follows: 

Re = pU 0 h/ (i 

where : 

p = fluid density 
U Q = surface velocity 
h = film thickness 
U = absolute viscosity 

The characteristics of LOX are such that the mass density approaches that of 
water, while the viscosity is close to that of a gas. From the definition of 
the Reynolds number, this combination of fluid properties is conducive to the 
promotion of turbulence. The load on the seal would have to be great enough so 
that the operating film thickness was only 6.1 x 10 ^ m (24 x* 10"^ in.) for 
the flow to be' laminar. This film thickness is too small to be practical and 
would produce heat generation that would vaporize the fluid and cause failure 
by contact and overheating. The final seal design operated with film thick- 
nesses near 2.54 x 10 ^ m (0.001 in.) with resulting Reynolds numbers in the 
vicinity of 42,500. The effects of turbulence upon fluid-film performance is 
the same as if the seal were operating in the laminar regime with a greatly 
increased viscosity. It produces a greater load carrying capability and high- 
er viscous power losses than a laminar operating seal. With respect to the 
spiral-groove geometry, turbulence results in much deeper and wider grooves 
than a laminar counterpart, so that sufficient fluid of apparent high viscosi- 
ty could be pumped through the large Clearance. 

2 . 5 . 1 . 3 Flu id In erti a. Because of the large operating film thickness and 

high-pressure gradients, the flow restriction through the seal is not entirely 
viscous. Inertia forces are another significant consideration. Inertia 
produces steep pressure drops at flow restrictions, or sudden contractions in 
the path of the flow. At the sudden contractions, pressure head is converted 


4 
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to velocity head. Such contraction.') occur at the spi ral -groove dam upon f luid 
entrance in»o the seal land, and also upon fluid entrance into the 
spiral-groove seal from the high-pressure fluid at the outer periphery. 
Another inertia influence is centrifugal forces acting on the fluid. These 
were not considered because of the complexity of the analyses; their general 
effect is to retard flow. It was estimated thev would not have more than a 10% 
influence on the predicted rates. 

2.5.1. A Two-P hase F l ow . Once the fluid vaporizes, it enters the mixed flow 
regime and a considerable amount of energy is required to boil the liquid. 
When it is in the mixed regime, the performance of the seal is not precisely 
known although it was speculated that leakage would be close to that of a pure 
liquid. Because of this, most of the seal interface is in the spiral-groove 
region where the fluid is at high pressure and in a purely liquid state. It is 
only at the latter end of the seal dam where the pressure is low that vaporiza- 
tion generates. Two-phase flow may be a significant phenomenon for future LOX 
seals and is an area where further effort should be devoted. 

2.5.2 Pressure-Bala nced Spiral-Gro ove Seal 

The pressure-balanced concept is schematically pictured on Figure 2-11. The 
spiral-groove region is fed by an interior groove that communicates through 
passages (drilled holes) with the pressurized fluid to be sealed. In this 
instance, the term pressure-balance implies that the high-pressure fluid to be 
sealed resides at both the inside and outside perimeters of the spiral-groove 
region. The grooves pump outward to a dam region on the outer periphery of the 
seal. Leakage flows from the interior groove inward through a sealing land to 
the ambient low-pressure region. 

A principal advantage of this configuration over the straight-inflow design is 
that the spiral-groove pumping circuit operates independently of the leakage 
circuit. Thus, if the fluid flashes or vaporizes in the leakage dam inter- 
face, it will not affect the pumping action of the spiral-groove and the abil- 
ity of the faces to maintain separation. From a leakage point of view, 
flashing is beneficial since it significantly reduces mass flow. The one 


majo»- probLem wich the pre9 sure-bal anted concept is the possibility of over- 
heating . 

Consider a control volume surrounding the seal, as represented by the dashed 
lines on Figure 2-11. What leaves and enters the control volume is leakage 
flow. However, internal to the control volume, there is a significant amount 
of viscous shear. If we presume that all the heat generated by viscous shear 
is carried away by the leakage flow, then the temperature rise inside the 
control volume can become very high. However, if external cooling flow is 
circulated through the control volume, it can carry away the heat generated by 
viscous friction and prevent excessive temperature rises. Fortunately, 
excess flow is forced into the seal cavity of many LOX turbopumps and recircu- 
lated into the impeller inlet (refer to Figure 1-1). This circulating flow 
can prevent overheating. 


A typical pressure distribution across the face of the pressure-balanced 
concept is shown on Figure 2-12. The pressure is normalized with respect to 
the high pressure being sealed on the outer periphery. The radial distance or 
span is indicated nondimensional ly along the abscissa. The origin in the 
radial direction is at the inlet of the spiral-groove region. The pressure 
increases from the interior of the grooved region outboard until the 
spiral-groove dam is reached. Then, there is a sudden inertia pressure drop 
at the entrance to the dam, followed by a linear pressure drop through the dam 
to the outer periphery of the seal. From the origin at the interior of the 
spiral-groove region, proceeding inward, there is a constant pressure in the 
grooved annulus followed by a significant pressure drop at the entrance to the 
sealing dam and then a linear drop across the sealing dam to ambient pressure. 
The inertia pressure drop is high across the sealing dam because of the high- 
pressure gradient across it. 


2 . 6 50-mm Spi r al-Gr o ove Seal 


2,6.1 Groove Geometry 


The general 
grooves are 


groove geometry is shown on Figure 2-13. Note that deep and wide 
necessary to pump the highly turbulent fluid because of its high 
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effective viscosity. Table 2-2 defines the principal nominal dimensions of 
the pressure-balanced design. 

The original MTI design layout of the 50-mm pressure-balanced seal is shown on 
Figure 2-14. In the test rig, the seal will be installed in a back-to-back 
configuration as shown on the bottom left corner of the drawing. This was 
done to eliminate excessive thrust loading on the test rig thrust bearing. 
The outboard seal is the test seal, while the inboard seal is the thrust 
balancing seal. The nonrotating member of the spiral-groove seal is made from 
carbon graphite (P-5N) and contains the interior high-pressure inlet annulus 
and feed holes. 

The seal rings do not have metal shrouds or interface pieces. The intent is to 
maintain the mass of the seal ring members as low as possible for improved 
dynamic response. Figure 2-15 is a photograph of one face seal and a mating 
ring. Because of the back-to-back installation, the mating ring incorporates 
grooving on both sides, but of opposite hand. 

2.6 .2 Summary of Performance 

The principal advantage of the pressure-balanced design is that it separates 
the spiral-groove and leakage circuits, and reduces the consequences of fluid 
vaporization in the seal region interface. 

Disadvantages of the pressure-balanced design are high power loss including 
viscous friction and windage of the rotating mating ring, relatively large 
collar diameter, poor low-speed performance, and high lift-off speed. Also, 
without external cooling or recirculation of LOX inlet supply, there is a good 
possibility the seal will overheat. A summary of calculated performance 
results at design operating conditions is indicated on Table 2-3. The table 
provides information for both the cooled and unccoled inlet conditions. 

The factors that influence safe operation of pressure-balanced seals are 
film-thickness, fluid temperature rise, and dynamic response or ability of the 
seal ring to follow excursions of the rotating collar. Based on the analysis, 
an acceptable operating range was established. This is shown in Figure 2-16. 
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At low rotational speeds, low film thickness and excessive temperatures are 
1 imiting factors. At lower pressures and high speeds, the limiting factor is 
dynamic response. The safe operating range lies within these boundaries. 
Note that a pressure versus speed squared relationship will produce safe 
start-up operation. The relatively large operating clearance provides a 
greater tolerance to distortions and dynamic response than laminar seals that 
typically operate in the film thickness range of 0.0025 to 0.0051 mm (0.0001 
to 0.0002 in. ) 

The effects of turbulence are increased film thickness and power consumption. 
Geometrically, the seal requires deep and wide pumping grooves. The magnitude 
of the turbulence is large, producing Reynolds numbers in the 40,000 to 50,000 
range. 

2.7 20 -mm Spiral-Groove Seal 

2.7.1 Geometry 

Figure 2-17 is a layout drawing of the 20-mm pressure-balanced design. The 
concept is very similar to the 50-mm design except it is a scaled down version 
consistent with the size reduction, but optimized to operate at similar 
surface speeds of 183 m/s (600 ft/s). Table 2-4 indicates the pertinent nomi- 
nal dimensions of the 20-mm design; the spiral-groove geometry is also indi- 
cated on Figure 2-17. 

2.7.2 Summary of Perfor man ce 

Performance of the 20-mm seal is summarized on Table 2-5 and Figure 2-18. The 
table presents performance at the design point condition, while the figure is 
an operating range map. The map indicates low-speed, high-pressure operation 
is to be avoided because of marginal film thickness and high temperature rise 
of the fluid. At high-speed, low-pressure operation, dynamic response prob- 
lems are encountered. A pressure increase proportional to the square of the 
operating sp^ed produces safe operation. 
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2. 8.1 Design Phil o sophy 


The general design of the test rig was guided by several fundamental princi- 
pals generated at the outset of the program. 

1. The rig was to have the capability to test both 50- and 20-mm seals. The 
50-mm seals were to be tested at a maximum speed of 7,330 rad/s 
(70,000 r/min); the 20-mm seals were to be tested at a maximum 3peed of 
10,472 rad/s (100,000 r/min). 

2. Different shafts could be installed for the 50- and 20-mm seal tests, but 
the same set of bearings were to be employed. A journal size of 30 mm was 
selected as a compromise for testing both size seals and for providing 
acceptable rotordynamic response and bearing power losses. 

3. Hydrostatic fluid-film bearings were to be employed to enable friction- 
free* start/stops, whirl-free operation, good damping qualities, and free- 
dom of adjustment through flow and restrictor element alterations. 

2.8.2 General Gonfiguratio n 

A cross section of the test rig is shown on Figure 2-19. The right-hand 
portion of the rig is the drive where the nitrogen turbine is located. The 
central portion is the bearing region where the journal and thrust bearings 
are located. The left end of the rig is the test seal section; the 50-mm heli- 
um buffer seal is shown installed. 

Locating the thrust bearing in the center of the rotor avoids excessive over- 
hang at either end and provides for a more uniform distribution of mass along 
the rot^r. This arrangement alleviates rotordynamic difficulties due to large 
overhung masses which would occur if the test seals and thrust bearing were 
mounted in tandem at one end of the rotor. The helium buffers are installed in 
a back-to-back configuration, and mate against a common runner. 
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The 30~mm shaft journal dianieter provides sufficient stiffness to be below the 
bending critical speed, and prevents excessive bearing and windage power loss- 
es for operation at 7330 rad/s (70,000 r/min). At the turbine end of the 
shaft, a heat dam is located between the turbine wheel and shaft. This dam 
prevents high temperature at the turbine wheel from conducting heat into the 
cold shaft regions. The outside periphery of the heat dam is machined with a 
labyrinth that provides one half of a buffer seal that prevents turbine gas 
from entering the bearing region. At the seal end of the shaft, the helium 
seal runner is secured to the shaft by a spring sleeve that is pressed onto the 
shaft. This compensates for bore growth of the runner. Figure 2-20 shows 
disassembled components of the test rig and Figure 2-21 is a photograph of an 
assembled rotor. Details concerning the rig design are presented in 
Section 6.0. 

Because of problems uncovered during the first three tests, three modifica- 
tions were made prior to the fourth seal test. Perhaps the most significant 
alteration was the addition of a small labyrinth seal between the inboard 
helium seal ring and the nearby journal bearing as shown in Figure 2-22. 
Helium leaking from the seal and an additional flow of helium entering through 
a new external port, were maintained at a slightly higher than bearing drain 
pressure, preventing LN 2 from flowing through the new labyrinth seal and bath- 
ing the inboard end of the runner. This was done to reduce the heat generation 
from windage losses that was causing vaporization in the adjacent bearing 
film, reducing bearing effective stiffness and damping and resulting in unac- 
ceptable rotor response at speeds below design speed. The insertion of the 
labyrinth seal insured that only gaseous helium wr.uld run against the seal 
runner with significantly lower windage losses than that produced by LN 2 . 

2.8.3 Summary of Test Rig Perfo rmance 

In general, the test rig performed well with the principal exception of not 
achieving full speed. As mentioned above, this problem was traced to vapori- 
zation in the seal end journal bearing reducing its stiffness and damping 
characteristics which resulted in high vibration levels at approximately 
5236 rad/s (50,000 r/min). Corrections were made to the rig to eliminate this 


2-15 



problem, but a seal failure at 3969 rad/a (57,000 r/min) prevented further 
speed increases. 

The testing program surfaced several other characteristics of the test rig 
that are significant and peculiar to cryogenic testing. These are mentionable 
because they have general applicability to cryogenic test rigs and are impor- 
tant to understand for future applications of the rig. 

1. Initial Coold own. The hydrostatic bearings are energized early in the 
start-up process in order to float the shaft prior to rotation. Initial- 
ly, the rig is at ambient temperature and the cryogenic fluid supply to 
the bearings (LN 2 or LOX) is in a gaseous state. Since there are deep 
recesses in the bearings, the bearing rotor system is prone to pneumatic 
hammer until the cryogenic fluid is liquefied. It was necessary to manu- 
ally hold the shaft from vibrating by forcing it axially against the 
thrust bearing surface during the chill-down period (^20-min time span). 
For LN 2 testing, this requirement presented an inconvenience but no seri- 
ous problems. For LOX testing, however, personnel are not permitted in 
the vicinity of the test rig, and a remote holding device is required. 
For future hydrostatic bearing designs, the recess volume should be as 
small as practicable to avoid pneumatic hammer at startup. 

2. Recess P re ssure M easurement. Measurement of recess pressures provides 
information on the state of health of the rotor-bearing system while oper- 
ating. Unfortunately, the measurement system introduced problems and 
ultimately had to be abandoned. What occurred was vaporization of the 
cryogen in the pressure sensor lines emanating from the rig to the pres- 
sure transducers. This deteriorated bearing stiffness because the fluid 
column stiffness in the instrument line is significantly less when vapor 
is present. Also, heat is transferred from the line fluid into the recess 
promoting bubbling. It was necessary to plug ,r . pressure tap lines at 
the tester and operate witnout recess pressure information. 

3. Isola tion of the seal test area from the seal end journal bearing was 
required to prevent heat transfer into the bearing and causing vaporiza- 
tion and bubbling of the cryogen in the bearing. The installation of a 
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Labyrinth geaL between the bearing and goal compartment and an additional 
gource of helium buffer fluid prevented ingress of LOX to the bearing 3ide 
surface of the 3eal runner. A substantial reduction in windage heat 
generation was accomplished, which effectively eliminated excessive heat 
transfer into the bearing from the seal compartment. 

4. Nitrogen was not an acce ptable buffer fluid at the turbine end buffered 
labyrinth seal because it liquefied rapidly. It was necessary to use 
helium as the buffer fluid. 

2.9 j-nstrumentat ion 

There is one area regarding instrumentation that is worthy of mentioning in 
this summary of significant results. The original method of measuring seal 
film thickness was to trace the movement of the seal rings and runner sepa- 
rately and obtain clearance by electronically subtracting signals. It was 
originally determined that embedding probes directly into the seal ring would 
impose restraint by cables that would prevent dynamic tracking. It was subse- 
quently discovered that a very thin coaxial cable (0.76 mm in diameter) 
existed, that would not impose excessive restraint on the seal rings. It was 
decided to make probes and embed them directly into one of the seal rings for 
test No. 4. Direct measurement of film thickness rather than the differential 
approach would produce more accurate measurement and errors due to large 
temperature gradients in the housing could be avoided. The probes performed 
very well. 

Figure 2-23 shows details of the probe installation and Figure 2-24 is a 
photograph of the instrumented ring. The two original probes observing the 
seaL runner were kept and used to monitor runner motion. The embedded probes 
were not subject to error due to thermal distortions of the seal housings. 
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F b = Pressure Balance Force 

h N = Normal Contact Force 

Ff = Friction Force 

F H = Hydrodynamic Force 

F c = Hydraulic Pressure Closing Force 


Fig. 2-1 Floating-Ring Seal Schematic 
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Fig. 2-16 Operating Range Map for 50-mm Spiral-Groove Seal 
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Fig. 2-18 Operating Range Map for 20-iao Spiral-Croove Seal 
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TABLE 2-1 


SUMMARY OF TEST RESULTS 


Hardware 

Tested 

Maximum Supply 
Pressure, kPa 
Absolute (psia) 

Maximum 

Speed 

rad/s (r/min) 

Cumulative 
Run Time 
(min) 

No. of 
Fast 
Starts 

Hardware Conditions 

SEAL SET 

NO. 1 






Outboard seal rubbed 
due to tester 
vibration. 

Stunner 

No. 1 

1,179 (171) 

5,895 

(56,300) 

96 

0 

Outboard seal ring 
worn. Runner has 
surface cracks. 

SEAL SET 

NO. 2 






No damage. 

Runner 

No. 2 

1,482 (215) 

5,099 


261 

50 


SEAL SET 

NO. 3 






Outboard seal rubbed 
due to contamination. j 

Runner 

No*. 2 

1,482 (215) 

4,963 

(47,400) 

236 

40 

Outboard seal ring 
worn. Runner has 
surface cracks. 

SEAL SET 

NO. 4 






Inboard seal rubbed 
due to loss of 
clearance. ! 

Runner 

No. 3 

827 (120) 

5,968 

(57,000) 

20 

0 

Inboard seal ring 
worn. Runner surface 
galled and worn. 
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TABLE 2-2 


DIMENSIONS OF PRESSURE-BALANCED, 5Q-MM , 
OUTWARD PUMPING, SPIRAL-GROOVE SEAL 


Outside Groove Dam Radius: 

40 

.13 

mm 

(1 

.58 

in. 

) 

Inside Groove Dam Radius: 

38 

.86 

mm 

(1 

.53 

in . 

) 

Inside Groove Radius: 

35 

.05 

mm 

(1 

.38 

in. 

) 

Outside Seal Dam Radius: 

32 

.51 

mm 

(1 

.28 

in. 

) 

Inside Seal Dam Radius: 

30 

.48 

mm 

(1 

.20 

in . 

) 

Secondary Seal Radius: 

30 

.99 

mm 

(1 

.22 

in . 

) 

Inside Ring Radius: 

25 

.4 mm i 

(1. 

00 

in. ) 


Seal Length: 

20 

.3? 

mm 

(0 

.8 

in. ) 


Secondary Seal Position 








(Distance from Face): 

15 

.75 

mm 

(0 

.62 

in. 

) 

Groove Depth: 

0. 

254 

mm 

(0 

.010 in 

.) 

Groove Angle: 

11 

O 






Land Width/Groove Width: 

0.' 

45 
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TABLE 2-3 

STEADY-STATE PERFORMANCE OF 
50-MM SPIRAL-GROOVE SEAL 


Pressure 

Balanced 

-Cooled- 


Film Thickness, mm 
( in. ) 

0.0236 

(0.0009) 

Axial Stiffness, N/mm x 10"^ 
(lb/ in. x 10 "^) 

81.1 

(463) 

o _ c 

Leakage, rrr/s x 10 
( in.^/s) 

29.8 

(18.18) 

Power Loss, kW (hp) 

9.47 (12.69) 

T Groove, °C (°F) 

-118 l 180.4) 

AT Grooves, °C (°F) 

21.44 (38.6) 

AT Seal, °C (°F) 

2.83 (5.09) 

Load, N (lb) 

10,608 (2,385) 

N, rad/s (r/min) 

5,864 (56,000) 


P = 5.17 MPa (750 psig) 


Pressure 

Balanced 

Uncooled 

0.0236 

(0.0009) 

81.1 

(463) 

29.8 

(18.18) 

9.47 (12.69) 

-104 (-155.2) 

35.56 (64) 

17.22 (31) 

10,608 (2,385) 

5,864 (56,000) 
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TABLE 2-4 


D IMENSIO NS OF PRESSURE-BALANCED, 20-MM, 
OUTWARD PU MPING, SP I RAL- GROOVE SEA L 

Outside Groove Dam Radius: 

Inside Groove Dam Radius: 

Inside Groove Radius: 

Outside Seal Dam Radius: 

Inside Seal Dam Radius: 

Secondary Seal Radius: 

Inside Ring Radius: 

SeaL Length: 

Secondary Seal Position 
(Distance from Face): 

Groove Depth: 

Groove Angle: 

Land Width/Groove Width: 


/ 


25.91 mm (1.02 in. ) 
24.64 mm (0.97 in. ) 
20.83 mm (0.82 in.) 
18,29 mm (0.72 in. ) 
16.26 mm (0.64 in. ) 
17.53 mm (0.69 in.) 
11.18 mm (0.44 in.) 
20.32 mm (0.80 in. ) 

15.75 mm (0.62 in.) 
0.203 mm (0.008 in.) 
11 ° 

0.45 
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TABLE 2-5 


STEADY-STATE PERFORMANCE OF 20-MM 
SPIRAL-GROOVE SEAL 



Pressure 

Balanced 

Cooled 

Film Thickness, mm (miLs) 

25.9 (1.02) 

Axial Stiffness, N/m x 10 - ^ 
(Lb/in. x 10" 5 ) 

''•.35 

(2.77) 

Leakage, m^/s x 10^ (in.^/s) 

1.9 (11.6) 

Power Loss, kW (hp) 

7.1 (9.5) 

AT Grooves, °C (°F) 

25 (45) 

AT Seal, °C ( ° F) 

2 . r; 2 (4) 

Load, N (lb) 

6383 (1435) 


P = 5.17 MPa (750 psi) 

N = 10,472 rad/s (100,000 r/min) 
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3 . 0 TEST RESULTS 

3.1 Incroducr.ion 

Four helium seal aets and three runners were tested during the course of the 
program. ALL were subjected to steady-3tate tests whiLe two sets additionally 
underwent high acceleration rate tests. The tests resulted in 618 min of 
cumulative running time and 90 high acceleration rate starts. (Refer to Table 
2-1 for a brief summary of the tests performed.) 

The following sections provide a detailed report: of the results of the tour 
seal test3 and their correlation with theoretical predictions. 

The test rig configuration for the first three seal tests followed the 
original design (see Figure 2-19). A 50-mm seal runner is secured to the left 
side of the rotor. The two seal rings fit back-to-back over the runner and are 
held apart by a spring. They are restrained on the right side by the seal 
housing and on the left side by a ring bolted to the housing. The seal rings 
are made of carbon graphite while the seal runner consists of Inconel 718 with 
a tungsten carbide coating on the outside diameter. 

Helium gas is supplied through two radial ports to the annular space between 
the seal rings. Part of the flow passes between the runner and left seal ring 
(outboard) exiting into the large drain cavity on the left side of the tester 
and from there into a separate drain line. The remainder of the helium flow 
passes between the runner and the right-hand seal ring (inboard) into a cham- 
ber between the seal housing and adjacent bearing housing. From the nearby 
journal bearing, LN 2 also fLows into the chamber and mixes with the helium. 
The mixture then flows through a passage under the journal bearing and out 
through one of several radial ports. The LN 2 has a substantial cooling effect 
on the end of the runner and acts to increase the operating clearance of the 
inboard seal. 

Six capacitance probes were installed to measure the seaL film thickness. 
Three of the probes are oriented horizontally while the other three are 
directed vertically. In the vertical group, two probes observe the back of 
the two seal rings. (Refer to Figure 2-19.) A third probe, not shown, 
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observes the surface of the runner between the rings. The vertical film 
thickness is derived by electronically subtracting the output of the respec- 
tive seal probe from the commcn runner probe. The horizontal components are 
similarly measured. 

Because of problems uncovered during the first three tests, three modifica- 
tions were made prior to the fourth seal test. Perhaps the most significant 
was the addition of a small labyrinth seal between the inboard helium seal 
ring and the nearby journal bearing as was shown in Figure 2-22. Helium leak- 
ing from the seal and *•? additional flow of helium entering through a new 
external port were maintained at a slightly higher pressure than the bearing 
drain pressure. Thin prevented LN 2 from flowing through the new labyrinth 
seal and bathing the inboard end of the runner. It also was done to reduce the 
heat generation from windage losses that was causing vaporization in the adja- 
cent bearing film, reducing bearing effective stiffness and damping and 
resulting in unacceptable rotor response. The insertion of the labyrinth seal 
insured chat only gaseous helium would contact Che seal runner with signif- 
icantly lower windage losses than that produced by LN 2 . 

In place of the six-probe differential array, an outboard seal ring containing 
four embedded probes was installed permitting a direct measurement of film 
thickness during the fourth test. Figure 2-23 showed the instrumented ring. 
The two original probes observing the seal runner were kept and used to moni- 
tor runner motion. The embedded probes were not subject to error due to ther- 
mal distortions of the seal housings. 

A final change consisted of a new runner with electrolized surface to 
replace the tungsten carbide coating used in the original design. The rubs 
which occurred during the first and third seal tests resulted in partial 
delamination of the coating which contributed to tha failures. It was hoped 
tne electrolized runner wouLd provide a better surface in the event of a rub. 

The pretest seal clearances are given in Table 3-1*. The overall accuracy of 
the measurements is approximately ±0.005 mm (±0.0002 in.). For the most part, 
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che pretest clearances of the first three seal seta conform to the design 
requirements. The maximum discrepancy, found on the No. 1 outboard seal, wa3 
0.002 mm (0.00008 in.), certainly within the range of measurement accuracy. 
The pretest clearances for the fourth seal set are slightly larger than che 
original design requirements. Thi3 was considered desirable because of the 
higher runner temperatures that were expected due to Che installation of the 
new labyrinth seal. 

3.2 Steady-St ate T e3t Results 

3.2.1 S eal ^3et No. 1 

Principal data was taken during three runs conducted over an 82-min period. 
Figures 3-1* and 3-2 provide time history plot3 of the te3t showing tester 
speed and helium supply pressure. Figure 3-3 gives an operating map with the 
actual test points superimposed. Three additional starts were made which are 
not documented in the figures. The total cumulative running time was 96 min. 

Prior to rig rotation, helium pressures ranging from 662 to 1827 kPa absolute 
(96 to 265 psia) were applied to check the integrity of the 3eai installations 
and prov’de zero speed data. 

During operation, steady-3tate data were sequentially taken at 3665 rad/s 
(35,000 r/min), 4188 rad/s (40,000 r/min), 4712 rad/s (45,000 r/min), and 
5235 rad/s (50,000 r/min) with helium supply pressures ranging from approxi- 
mately 552 to 1172 kPa absolute (80 to 170 psia). Drain pressures downstream 
of both seals were maintained between 448 to 552 kPa absolute (65 to 80 psia). 
The helium supply temperature varied between 38 and 43°C (100 and il0°F). 

As indicated on Figure 3-3, virtually all of the test points were in the high 
friction region of the operating map. At lower speeds of 3665 rad/s 
(35,000 r/min) and 4188 rad/s (45,000 r/min), this was necessary to maintain 
a positive pressure drop across the seals. At the higher speeds of 4712 to 
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'j/') 1 } rad/s (45,000 to 55,000 r/min), proportionally higher pressures worn 
maintained in an effort to add damping to t. ho rotor system to combat the 
vibration problem. 

Despite these a* tempts , vibrations were encountered at approx i mat el 
5235 rad/s (50,000 r/min) and became worse as speed increased to 5 750 rad /s 
(55,000 r/min). While several data points were taken at the latter speed, the 
tester was tripped out when the outboard seal temperature abruptly increased 
signifying a rub. Figure 3-4 is a strip chart recording of the temperature 
excursion. A torque check revealed that, the shaft was tight. Consequently, 
no additional running was attempted. An analysis of the tailed hardware is 
given in Section 3.3.1. 

In general, the facility and instrumentation worked well; however, several 
problems did develop. The two capacitance probes obser' ag the seal runner 
rubbed briefly and shorted out due to rotor vibration and a greater than 
anticipated loss of gap during initial chill-down. The failures occurred 
shortly after the first start. Consequently, no usable probe data was logged. 
Secondly, the Ventu . flowmeter, set to measure the leakage from the outboard 
3eal was sized anticipating larger flows and resulted in pressure drops t jo 
low to measure. Both problems were corrected before the second seal test. 

Figure 3-5 shows both measured and predicted flow as a function of pressure 
drop across a single seal ring. The data is for the zero speed case with the 
tester chilled down. The theoretical predictions are base { on the latest 
model incorporating both viscous and inertial pressure drops. (See Appen- 
dix A.) The four theoretical curves cover the range of anticipated radial 
clearances and were calculated using the data given in the block insert in the 
figure. Because of the flowmeter problem, the flow through the individual 
3ea: could not be separated. The experimental flow plotted equals one-halt 

the total measured supply flow. The data in the bLock insert also applies to 
the experimental flow curve except for the eccentricity ratio and discharge 
coefficient which could not be measured. 
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Because the film thickness was not measured, no correlation between measured 
flow and clearance was possible. However, cor elating the measured flow with 
the theoretical flows showed that the experimental data follows the predicted 
curve for e radial film thickness of 0.020 mm (0.0008 in.) at low flows and 
C.023 mm (0.0009 in.) at higher flow conditions. Given the room temperature 
clearances of 0.015 mm (0.0006 in.) for the outboard seal and 0.008 mm 
(0.0003 in.) for the inboard seal, the measured flow seems reasonable. 

Figure 3-6 shows the surface temperature of the seal rings during the same 
test. The temperatures increase between 65 and 85°C and (117 and 153°F) from 
low flow to high flow conditions. This demonstrates the strong warming effect 
that the helium flow has on the seal rings. It is somewhat surprising that the 
inboard ring registers slightly higher temperatures than the outboard ring. 

Figure 3-7 contains a series of experimental flow curves at different tester 
speeds. Again, these represent one half the total measured flow. Theoretical 
curves are also depicted covering four seal clearances. The maximum flow rate 
occurred at 5759 rad/s (55,000 r/min) at a pressure drop of approximately 
650 kPa (94 psi) and is equal to 0.0017 kg/s (21 scfm). 

The experimental curves show a definite decrease in flow as speed is 
increased. This is probably due to a decrease in clearance caused by centri- 
fuge. and thermal growth of the runner. The anticipated decrease in clearance 
due to centrifugal runner growth is about 0.001 mm (0.00004 in.) for each 
speed increment of 524 rad/s (5000 r/min). Thus, if the flow at 3665 rad/s 
(35,000 r/nun) corresponds to a clearance of 0.026 mm (0.00106 in.), the 
curve at 5235 rad/s (50,000 r/min) should match up with a curve at 0.023 mm 
(0.0009 in.). The actual data at 5235 r ad/s (50,000 r/min) follows a clear- 
ance line of 0.021 mm (0.00083 in.), indicating a slightly greater than 
expected clearance decrease. Also, the d.ita at 5759 rad/s (55,000 r/min) does 
not follow the trend at all. 

Figures 3-8 and 3-9 present the corresponding seal ring temperatures for the 
inboard and outboard seal rings respectively. Again, there is a very signif- 
icant warming effect as flow increases at higher pressures. It is also readi- 
ly apparent that the rate of change of temperature with pressure is much 
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higher at. lower flows and tends to LeveL off at higher rates. At constant 
pressure, both figures tend to show slight decreases in temperature as 3peed 
is increased. This goes along with the decreased clearance, and thus 
decreased flow, due to centrifugal and thermal growth of the runner. The data 
at 5759 rad/s (55,000 r/min) deviates from the trend. 

Figure 3-10 compares inboard and outboard seal temperatures at 4188 rad/s 
(40,000 r/min) and shows that the inboard tends to be about 5 to 10°C (9 to 
18°F) colder than the outboard at constant pressure. This is also typical of 
the data at other speeds. 

Since neither the individual seal flow rates nor the actual operating clear- 
ances were measured for seal set No. 1, it was difficult to make any more 
definitive correlation: 

3.2.2 Seal Set No. 2 

Figures 3-11 through 3-16 give a time history covering the three days over 
which the seals were tested. The curves depict tester speed and helium supply 
pressure. Figure 3-17 provides an operating map covering the entire test. As 
mentioned in Section 2.0, the seal principally operated in the high friction 
range . 

Steady-state data were accrued over five runs resulting in data at 3665 rad/s 
(35,000 r/min), 4188 rad/s (40,000 i/min), 4712 rad/s (45,000 r/min), and 
5026 rad/s (48,000 r/min). Speed was limited to 5026 rad/s (48,000 r/min) 
due to sharply increasing rotor vibrations. Seal set No. 2 completed all 
subjected tests without evidence of failure of any kind. 

The first four runs covered a range of supply pressures from 586 to 1069 kPa 
absolute (85 to 155 psia). The fifth run conducted after a series of high 
acceleration rate runs included additional data points at 4712 rad/s 
(45,000 r/min) and reached a helium supply pressure of 1482 kPa absolute 
(215 psia). 
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In addition to varying the helium supply pressure at each speed, the outboard 
seal drain pressure was also varied including values of 517, 310, and 103 kPa 
absolute (75, 45, and 15 psia). The inboard drain j ure was maintained 
between 517 and 551 kPa absolute (75 and 80 psia). The upst earn helium supply 
temperature was between 38 and 43°C (100 and 110°F). 

A zero speed run was also made varying helium supply pressures from 648 to 
1820 kPa absolute (94 to 264 psia). Both seal drain pressures were maintained 
at approximately 517 kPa absolute (75 psia) during this particular test. 

Not counting the high acceleration rate runs which r e discussed in 
Section 3.5, a total of eight runs were made resulting in a total accumulated 
test time of 261 min. No problems were encountered and the seals were removed 
intact and undamaged. Also, no problems developed in the instrumentation 
which yielded good supply and drain flow data. While the capacitance probes 
functioned properly, later analyses revealed potential inaccuracies in the 
readings due to thermal distortions of the seal housing. 

Zero speed flows are given for the inboard and outboard seals in Figures 3-18 
and 3-19, respec” vely. Both predicted and measured data are given. The 
total flow through the seals is approximately 0.0068 kg/s (85 scfm) at a pres- 
sure drop of 1250 to 1300 kPa (181 to 189 psi). This is slightly less than 
the 0.0077 kg/s (97 scfm) passed by seal set No. 1 at the same pressure. 
However, seal set No. 2 ha' slightly lower clearances (see Table 3-1). 

The flow from the inboard seal dominates by a factor of two to one and closely 
follows the predicted flow curve corresponding to radial clearances of 
0.024 to 0.027 mm (0.0009 to 0.0011 in.). This represents an increase in 
clearance of 0.018 mm (0.0007 in.) from ambient to test conditions due to 
contraction of the runner from LN 2 at the inboard end. The outboard seal flow 
runs along the 0.020 mm (0.0008 in.) predicted flow curve at lower pressures 
and falls to 0.017 mm (0.0007 in.) at higher pressures. It shows a more 
modest clearance increase of 0.007 to 0.010 mm (0.0003 to 0.0004 in.) from 
ambient to test conditions. 
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Figure 3-20 shows the seal, surface temperatures for the zero speed test. As 
in the previous test, a substantial temperature increase is registered as the 
pressure drop is increased. Although of a sLightly Lower magnitude, AO to 
50°C (72 to 90“F), as opposed to the 65 to 85°C (117 to 153°F) in seal set 
No. 1, the inboard seal again shows the higher temperature. The reason in 
this case is the larger flow passed by the inboard 3eal. This may also be the 
case with seal set No. 1. 

The flow curves for the inboard real at the different test speeds are given in 
Figure 3-21. The first four runs comprise the data at 3665, 4186, 5026 rad/s 
(35,000, 40,00 , 48,000 r/min), and the lower pressure data at 4712 rad/s 
(45,000 r/min). These runs produced the maximum flow rate of 0.0018 kg/s 
(23 scfm) at a pressure drop of approximately '+30 kPa (62 psi) and show the 
expected trend of decreasing clearance as speed increases. Again, the magni- 
tude of the decrease is more than can be explained by centrifugal growth 
alone. The actual decrease between 3665 and 5026 rad/s (35,000 and 
48,000 r/min) appears to be approximately 0.010 mm (0.104 in.) whiLe the 
predicted amount is 0.0025 mm (0.0001 in.). Clearly, additional effects 
(thermal growths) are taking place. 

A fifth run was made at a speed cf 4712 rad/s (45,000 r/min) during which a 
pressure drop of 940 kPa (136 psi) was applied to the seals. Given the 
prevailing drain pressure of 544 kPa absolute (79 psia), the absolute pres- 
sure slightly exceeded the design point of 1379 kPa absolute (200 psia). The 
resulting flows are much Lower and bear little correspondence with the first 
four runs. 

Figure 3-22 presents the inboard seaL temperature variations corresponding to 
the flow curves in Figure 3-21. A high temperature gradient with pressure 
drop exists at low pressures that gradually decrease pressure increases. 
However, no clear-cut trend ex sts among the first four runs at different 
speeds. The high-pressure run " 4712 rad/s (45,000 r/min) shows quite a bit 
lower temperature than the earlier run at the same speed. 

Outboard seal leakage flows are jotted in Figures 3-23, 3-24, and 2-5. Four 
speeds are represented in each figure with two runs at different pressure 
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ranges at 4712 rad/s (45,000 r/min). Figure 3-23 corresponds to an outboard 
drain pressure of 517 kPa absolute (75 psia). Figure 3-24 corresponds to a 

drain pressure of 310 kPa absolute (45 p3ia) and Figure 2-5 to a drain pres- 

sure of 103 kPa absolute (15 psia). The results here are quite different than 
those shown for the inboard seal and yield the following observations: 

1.. The flows are lower than those of the inboard seal indicating smaller 
clearances . 

2. The flows increase only slightly with pressure. This indicates chat 
the clearances are closing as the supply pressure increases. 

3. There is no discernable trend among flow lines at different speeds. 

The loss of clearance due to centrifugal growth is most likely over- 

shadowed by the flow-related temperature effects. 

Outboard seal temperature plots are given in Figures 3-25, 3-26, and 3-27 
corresponding to the data given in the. flow plots. Previously established 
trends continue to prevail with higher temperatures, lower gradients at higher 
pressure drops, and the lack of a definite trend as speed is increased. 

Figure 3-28 is a plot of the outboard seal temperature and flow during the 
first run at 41887 rad/s (40,000 r/min) at each of the three drain pressures 
versus pressure drop across the seal. Figure 3-29 plots the same temperature 
versus the supply pressure. Referring to Figure 3-28, the flow follows a 
straight line as a function ot pressure drop across the seal and appears to be 
independent of drain pressure. The corresponding seal temperatures, on the 
other hand, all cover about the same range of -40 to -25°C (-40 to -15°F) and 
seem to be independent of the increased presssure drop permitted by the incre- 
mented decreases in drain pressure. Figure 3-29 shows a different relation- 
ship. The flow curves appear as parallel lines as expected. The temperature 
curves are much more closely grouped together and, in fact, coincide at -34°C 
(-30°F) indicating that the outboard seal temperatures have a stronger depend- 
ency on the total seal supply pressure than the pressure drop across the 
outboard seal. This tends to indicate a strong thermal interaction between 
the outboard seal and the inboard seal with the larger, more dominant flow. 
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Figures 3-30, 3-31, and 3-32 are plots of seal film thickness versus time for 
the five test runs being analyzed. As mentioned previously, evidence of 
substantial thermal distortion of the seal housing was observed during the 
chili-down process which appears to have caused inaccuracies in the absolute 
measurement of the film thickness. This is particularly evident in the verti- 
cal outboard seal curve which shows nearly three times the expected film 
thickness . 

3.2.3 Seal Set No. 3 

Figures 3-33 and 3-34 give time history plots of supply pressure and test rig 
speed, while Figure 3-35 gives an operating map. Principal data was acquired 
during three runs taken over a 240-min period. Two additional starts were 
made. The total cumulative running time was 236 min. 

Steady-state data were taken at 3665, 4188, and 4712 rad/'s (35,000, 40,000, 
and 45.000 r/min). Attempts were again made to reach higher speeds but 
vibrations were encountered at approximately 5026 rad/s (48,000 r/min). It 
was decided to limit operation to 4712 rad/s (45,000 r/min). 

A broad range of supply pressures were achieved from 654 to 1482 kPa absolute 
(95 to 215 psia). Outboard seal drain pressures were incremented at each 
speed covering values of 517, 310, and 103 kPa absolute (75, 45, and 15 psia). 
No zero speed data was taken with this seal set. 

The steady-state tests were completed without problems and were followed by 
high acceleration rate tests. After 40 fast starts and during a short 
steady-state run to check operation, a rub was encountered on the outboard 
seal. Figure 3-36 shows the strip chart data documenting the increase in seal 
ring temperature and the subsequent shutdown. Two attempts to restart 
resulted in immediate increases in temperature indicating that significant 
damage had taken place during the first occurrence. The rig was then torn 
down and inspected. A fair amount of contamination had entered the supply 
cavity and probably initiated the rub. Subsection 3.6 provides additional 
details of the inspection and an analysis of the failed parts. 
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Figure 3-37 provides the inboard seal flow data at the three test speeds; 
predicted flows are superimposed. The maximum flow is approximately 
0.0026 kg/s (33 scfm) and occurred at 3665 rad/s (35,000 r/min) at a pressure 
drop of 630 kPa (92 psi). The measured flows show a decrease with speed, 
although the amount is more than expected based on centrifugal growth of the 
runner. 

Figure 3-38 shows the corresponding inboard seal temperatures. The data shows 
a definite decrease in temperature as speed increases and presents a clear 
trend unlike the corresponding plot (Figure 3-22) from seal set No. 2. 

Flow data from the outboard seal at different drain pressures are shown in 
Figures 3-39, 3-40, and 3-41. The flows range between 0.0008 and 0.0012 kg/s 
(10 and 15 scfm) going from low to high pressure drops. Speed appears to have 
no appreciable effect. The small variation with pressure seems to indicate a 
decrease in operating clearance as observed in previous tests. 

The temperature plots for the outboard seal are given in Figures 3-42, 3-43, 
and 3-44. As with the inboard seal, the temperatures are generally lower at 
higher speeds. 

3.2.4 Seal Set No. 4 


This test was comparatively short due to a rub on the inboard seal. One start 
was made and the cumulative test time was about 20 min. Figure 3-45 is an 
operating map while Figures 3-46 and 3-47 present time history plots showing 
seal supply pressures and tester speeds. The time history plots are expanded 
to include about 2 hours of data prior to and after the running portion of the 
test . 

The strategy for this test was somewhat different than for the first three 
tests because of the test rig modifications. The most important was the laby- 
rinth seal. With this in place, it was hoped that the vibration problem would 
be solved and j tester would be able to run at the full speed of 7329 rad/s 
(70,000 r/min). Because of the importance of this achievement, testing at 
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multiple pressures at Low speeds that had been done in previous tests was 
postponed . 

The test run consisted of an initial ascent to 3141 rad /3 (30,000 r/min) 
followed by incremental increases of 524 rad /3 (5,000 r/min) to about 
5759 rad/s (55,000 r/min). The supply pressure was held constant at 827 kPa 
absolute (120 psia). The relatively low value was chosen to minimize the risk 
of friction lock-up. The inboard seal drain pressure was held at 
approximately 637 kPa absolute (92 psia) while the outboard seal drain pres- 
sure went from 483 to 310 kPa absolute (70 to 45 psia) as the test proceeded. 

Operation at 5235 and 5759 rad/s (50,000 and 55,000 r/min) showed that the 
vibrations were lower than in previous tests. However, the outboard seal 
clearances which were being measured using the embedded probes also revealed 
low film thicknesses of approximately 0.008 mm (0.0003 in.) and a slight 
vertical eccentricity reducing the distance between the seal ring and the 
runner. To provide the best chance for the seal to center itself, the supply 
pressure was dropped slightly to 724 kPa absolute (105 psia) prior to increas- 
ing speed above 5759 rad/s (55,000 r/min). Speed was increased to 5968 rad/s 
(57,000 r/min). Shortly after, a rub occurred on the noninstrumented inboard 
seal ring and the tester was tripped out. Figure 3-48 shows a strip chart of 
the failure. A torque check on the unit revealed that damage had taken place 
and the test was ended. 

Despite the narrow span of operating conditions and the seal failure , a fair 
amount of good data was recorded including a running measurement of seal film 
thickness and eccentricity from the embedded capacitance probes. The film 
thickness measurements were very important because they provided one of the 
crucial links between the theoretical model and the actual seal performance. 
Previous tests fell short in achieving the necessary accuracy in film thick- 
ness measurements. 

To maximize the data yielded by the test, the analysis was expanded to include 
not only the actual run which essentially consisted of a very slow speed sweep 
at constant supply pressure, but also a pretest and post-test period each 
consisting of about 2 hours. Full data scans including measurements of pres- 
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sures, flows, temperatures, and film thicknesses were taken during both inter- 
vals. The pretest period showed the seals in the final stages of chill-down, 
prior to introducing a significant flow of helium and the subsequent effects 
on ring temperature and clearances as the pressures were increased to the 
levels applied during the run. While a high-pressure zero speed run was not 
made, as had been done for 3eal sets Nos. 1 and 2, sufficient data points were 
covered to establish a zero 3peed flow-pressure curve. This also provided a 
zero speed datum at the run pressure to help characterize the effects of speed 
on film thickness. The post-test data is a little less revealing because the 
helium was 3hut off shortly after the test rig was tripped out. However, 
several data points were taken before this occurred. These consisted of a 
repeat of several flow-pressure points which permitted a comparison with 
prerun data. The results clearly demonstrated the increase in clearance of the 
inboard seal caused by the rub. 

Because the test consisted essentially of one run rather than a number of 
runs, as was the case in previous tests, the data is most easily reviewed and 
is hence presented in a chronological or time history format. Specific plots 
of one variable against another are presented as required to illustrate key 
parametric relationships. The two independent variables a^e speed and pres- 
sure. Time history plots of these were presented in Figures 3-46 and 3-47. 
Because the seal drain pressures were different than the previous tests and 
the outboard drain pressure tended to vary somewhat, differential pressures 
across both seal rings are plotteu along with the absolute supply pressure. 
Leakage flows are plotted in Figures 3-48 and 3-49. 

During the initial part of the pretest period (-100 to -60 min) the supply 
pressure was held at the relatively low value of 310 kPa absolute (45 psia) to 
maintain a small but positive flow through both seaL rings while the tester 
was undergoing final chill-down. Subsequent to this, the seal supply pressure 
was increased to 827 kPa absolute (120 psis) in preparation for starting. 
During the entire period, the outboard seal flow was quite a bit larger than 
the inboard flow. 

Figure 2-6 presents a plot of the measured pretest zero speed flows versus the 
predicted flows at various clearances. Most of the data from the outboard 
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seal follows the 0.0305 mm (0.0012 in.) clearance line while that from the 
inboard 3eal tended toward even higher indicated clearances. Both measured 
flows are higher than the corresponding data from seal set No. 2 (see 
Figures 3-18 and 3-19). A direct comparison, however, is difficult because of 
the various differences between the seals and instrumentation. One of the big 
differences which supports the existing data is that 3eal set No. 4 had room 
temperature clearances which were nearly twice those of seal set No. 2. A 
difference which drives the argument in the opposite direction is the differ- 
ence in boundary temperatures and their effect on the seals and runners. 

Seal set No. 4 and runners were relatively warm because of the labyrinth seal 
(see Figure 2-18) which prevented LN 2 from flowing into the inboard 3eal drain 
cavity. Seal temperatures were in the -10 to +10°C (14 to 50°F) range. Seal 
set No. 2 was much colder because in that installation the inboard end of the 
runner was in direct contact with the LN 2 flow (see Figure 2-15). For the 
same pressure range, their temperature varied between about -55 and -30°C (-67 
and -22°F). Thus, because seal set No. 2 and the runner were colder, their 
increase in clearan:e from room temperature to the test condition would be 
greater . 

During the actual test run the outboard seal differential pressure rose 
initially from approximately 350 to 450 kPa (51 to 68 psi) due to decreases in 
the drain pressure. It later dropped back to about 400 kPa (58 psi) when the 
supply pressure was lowered. The inboard seal pressure drop stayed constant 
at 200 kPa (29 psi) until the supply was lowered when it dropped to about 
90 kPa (13 psi). 

Both flows dropped significantly during the run as speed increased. The 
outboard seal went from about 0.0013 to 0.0005 kg/s (16 to 6 scfm). The 
inboard seal went from 0.0006 kg/s (8 scfm) to zero flow which coincides with 
the occurrence of the rub and indicates a complete loss of clearance in the 
seal . 

While there is some variation of flow with the changes in outboard seal pres- 
sure drop, and there may be some effect on both seals due to temperature 
changes, the principal cause of the changing flows is the decrease in clear- 
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ance aa speed increased, figure 2-7 presents a plot of flow versus pressure 
drop for r,he test run illustrating the effect. 

Both seal flows increased after the tester was shut down. The flow through 
the outboard seal returned to of the level recorded prior to the run at 
the same differential pressure. The flow through the inboard seal, however, 
went up dramatically reaching twice the level achieved before operation. The 
net increase through the inboard seal clearly reflects the increase in clear- 
ance due to the material worn away during the rub. 


Refocusing on the flow curves for the outboard seal in Figures 2-6 and 2-7, 
another anomaly is observed. The actual measured (average) film thicknesses 
are noted for many of the data points and are considerably smaller than the 
radial clearances corresponding to the predicted flows. The ratio of 
measured-to-predicted 3eal clearance is approximately 0.64 with the theory 
tending to overstate the clearance required to achieve a given flow. A possi- 
ble explanation is that the "extra" flow is bypassing the normal path and 
leaking out between the axial sealing surfaces. Unfortunately, the data does 
not allow a more definitive explanation. 


Figure 3-50 plots the surface temperatures of both seal rings. While the 
outboard seal is slightly warmer, both seals follow a parallel path with a 
difference of about 7 to 8°C (13 to 14°F). Both are observed to decrease in 
the early portion of the pretest period due to steadily declining temperatures 
in the test rig. After the helium flow is increased (-60 min to start-up 
time), the temperature incieasea and attained values slightly greater than 
they had at the beginning of the pretest period. This resulted from the warm- 
ing effect of the helium flow. Previous discussions pointed out the substan- 
tial differences between the temperatures of tnese seals and those of seal set 
No. 2 (also seal sets Nos. 1 and 3) with the higher temperatures being 
achieved by better isolation of the seals and runner from the cryogenic bear- 
ing fluid. 


Both the gradual chill-down and the subsequent warming effect 
in the behavior of the outboard seal film thickness during the 
This is shown in Figure 3-51. The corresponding eccentriciti 


can be observed 
pretest period, 
es are shown in 
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Figure 3—52. Initially, when the seal temperature waa decreasing tin* average 
film thickness increased slightly. Inversely, during the later pretest period 
(“60 min and start-up) the clearance closed up again as the temperature 
increased . 

The change in seal clearance is directly due to the temperature change in the 
seal ring and runner. If the temperature charges in both parts are the same, 
the rate of change of the radial seal clearance is about 2.1 x 10 ** mm/°C 
(6.6 x 10” 6 in./°F). This is based on expansion coefficients of 12.6 x 
10' 6 m/m-°C (7.0 x 10 ^ in./in.-°F) and 4.3 x 10 ^ m/m-°C (2.4 x 
10“ 6 in./in-°F) for Inconel 718 and P-5N carbon graphite respectively. 
Ignoring the discontinuity at -50 min, the outboard seal temperature changes 
about 14°C (57.2°F) during the pretest period. Assuming equal changes in the 
runner temperature, the outboard seal clearance should have changed about 
0.0029 mm (0.00011 in.). This compares well with the measured change which is 
>^0.004 mm. 

Referring again to Figures 3-48 and 3-49, both seal temperature and clearance 
decrease substantially as 3peed is increased during the test run. The princi- 
pal effect is the centrifugal growth of the seal runner which causes the seal 
clearance to decrease accordingly. This, in turn, causes the leakage flow to 
go down and, hence, the seal ring temperatures go down. 

Figure 3-53 plots the measured average film thicknesses of the outboard seal 
as a function of speed. Also plotted is the predicted film thickness based on 
a zero speed film thickness equal to 0.016 mm (0.0006 in.) and a full speed 
7329 rad/s (70,000 r/min) radial growth of 0.011 mm (0.00045 in.). Again, 
the data shows very strong correlation between measured and predicted values. 

While the decrease in temperature is due to the decrease in flow, the effect 
is not as easy to substantiate by calculation. However, a comparison of data 
points during the test run with data points recorded during the pretest period 
which scow equal flows, also reveal data points with nearly equal temper- 
atures. For example, the flow through the outboard seal at 5 min after 
start-up is about 0.001 kg/s (8 scfm). This is the same a3 the flow at 


40 min. The outboard seal temperature is approximately ')“C (41°F) at both 
t imes . 

What does not appear, or at Least is not obvious, is the effect of the temper- 
ature decrease during the run on the film thickness. The simple calculation 
contained in the previous discussions would predict aa increase of approxi- 
mately 0.003 mm (0.00013 in.) based on the measured temperature drop of 10°C 
(18°F). However, since this change is about, one third of the change due to 
centrifugal growth, its effect could be easily overlooked. 

Toward the end of the test run the inboard seal temperature began to increase, 
showing a 4°C (7°F) change over about 1 min. This corresponds with the time 
at which the seal dropped to near zero clearance and signifies the start of 
the seal failure. 

Immediately after the tester was shut down, loth se-’ temperatures and the 
outboard seal film thickness returned to virtually the same values as they had 
immediately* before the run. After the helium supply was shut off at about 
30 min, the temperatures dropped nearly 70°C (126°F) as the 3eal components 
were chilled by the cryogenic section of the test rig. This, in turn, 
resulted in a 0.016 mm (0.0006 in.) increase in film thickness which i3 the 
expected amount based on previous rates. 

3.3 Dyna mi c Be havi or D uring S eal T estin g 

While the tests were not structured to examine the dynamic behavior of the 
seals, it is an aspect of considerable importance. Dynamic data was thus 
monitored, recorded, and later analyzed. Basic characteristics such as the 
size of the runner orbit and whether the seal rings remain locked or tended to 
whirl were disclosed. 

For the first three seal tests, the instrumentation consisted of six capaci- 
tance probes observing the seals and the runner. During the first test, no 
data were gathered because two of the probes failed and several others were 
forced out of their usable operating range. The problems were corrected and, 
despite thermally induced offsets which caused bothersome errors in static 


position measurements, the second and third seal tests proves! more successful 
and yielded good dynamic data. The* fourth seal test also resulted in good 
dynamic information from the outboard seal containing the four embedded probes 
and the two probes retained to observe the runner. No measurements were made 
on the inboard seal ring. 

3.3.1 Seal. Set No. 2 

With only a tew exceptions which will he noted, the seal rings were motionless 
during steady-state operation. The runner orbit varied in size between 0.004 
and 0.010 mm (0.00015 and 0.0004 in.) reaching the larger size at: higher 
speeds. The orbit consisted only of the synchronous and its harmonic frequen- 
cies. 

figure 3-54 shows one of the c.« >es where seal motion was detected. This 
occurred at 3665 rad/s (35,000 r/min) when the outboard seal drain pressure 
was lowered to 103 kPa absolute (15 psia). The supply pressure was 655 kPa 
absolute (95 p3ia). Both seals 3how approximately 0.013 mm (0.0005 in.) of 
3 traight:-l ine motion, the inboard seal moving vertically while r he outboard 
seal vibrated horizontally. Thu seal amplitudes grew worse with supply pres- 
sure and the condition shown was the highest supply pressure attempted. 

While the seal probe settings seemed to cheefc out, the unusual nature of the 
indicated motion (i.e., absolutely straight-line) casts some doubt or. the 
validity of the data. 

Figure 3-55 shows seal and runner orbits at 4188 rad/s (40,000 r/min) with a 
supply pressure of 862 kPa absolute (125 psia) and equal drain pressures of 
517 kPa absolute (75 psia). This data point was taken immediately following 
the one illustrated in Figure 3-52. A small amount, of the straight-line seal 
motion remains. The seals were motionless at all other flow conditions at 
this speed. 

Figure 3-56 depicts the seal runner orbits during the first data point of run 
No. 3. Speed was 4712 rad/s (45,000 r/min), supply pressure 938 kPa absolute 
(136 psia), and drain pressure 517 kPa absolute (75 psia). Some seal motion 
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is observed. At succeeding data points, the rings again locked and remained 
motionless . 

3.3.2 SeaL Set No. 3 


The runner from the No. 2 test was reused and resulted in similar runner 
orbits. Tne seal ring motion, however, was quite different. While the 
outboard seal was motionless, the inboard seal exhibited an orbit with ampli- 
tudes at times reaching 0.030 mm (0.0012 in.). 

Figures 3-57 , 3-58 , 3-59, ar.d 3-60 show four data points at 3665 rad/s 
(35,000 r/min). The scales in the figures are the same as those in 
Figure 3-54. The first two represent supply pressures of 655 and 1206 kPa 
absolute (95 and 175 psia), respectively. Both drain pressures were 517 kPa 
absolute (75 psia). The second of these shows a narrow elliptical orbit on 
the inboard seal which grew in a uniform manner as the ptessure was increased. 

Figures 3-59 and 3-60 represent the data runs where the outboard drain pres- 
sure was reduced to 310 and 103 kPa absolute (45 and 15 psia), respectively, 
and the supply pressure was raised to the maximum value of 1206 kPa absolute 
(175 psia). In each case the inboard seal orbit progressed from small ampli- 
tudes to the sizes shown as the supply pressure was increased. 

Figures 3-61 and 3-62 show similar occurences at 4188 and 4712 rad/s 
(40,000 and 45,000 r/min). In these cases, amplitudes at low supply pressure 
grow from about one-half the amount shown in the photo, to full size. In these 
cases the amplitudes are very large and could easily have resulted in a seal 
ruo. They are clearly unacceptable. 

While the mechanism causing the whirl is unknown, the following summarizes its 
salient aspects: 

1. The whirl is synchronous although some harmonic activity is present. 
It must therefore be a result of runner excitation. 


2 . 


The seal amplitude is much larger than the runner motion indicating 
an amplification and a system resonance having to do with the seal 
ring may be involved. 

3. The whirl is obviously very sensitive to the surrounding fluid condi- 
tions, e.g., supply and drain pressures and also to speed since the 
amplitudes become much worse when speed increases from 3665 to 
4188 rad/s (35,000 to 40,000 r/min). 

4. The whirl did not occur on the outboard ring operating under virtual- 
ly identical conditions, nor did it occur on either of seal set No. 2 
rings. This suggests that there is something unique about the seal 
set No. 3 inboard ring. 

5. The operating map showed that the seal operates in the high friction 
region and the frictional forces (based on a friction coefficient of 
0.20) should exceed the hydrodynamic forces and prevent the seal from 
moving. There was concern that problems may develop due to the 
inability of the seal rings to move. Clearly this was not the case 
for the seal in question. Its actual behavior suggests that the 
frictional forces are not being developed and that the seal may be 
lifting off enough, at least, to result in the development of a 
partial lubricating film under the radial sealing land to lower the 
prevailing friction coefficient. 

3.3.3 Seal Set No. 4 


No unusual motions u\ ; re noted during the test. However, with the exception of 
speed, the range of operating conditions was very narrow. Supply pressure was 
held constant at 827 kPa absolute (12G psia). Hence, the conditions under 
which seal set No. 3 showed, large whirl amplitudes were not encountered. 
Speeds covered the range from 3141 to 5968 rad/s (30,000 and 57,000 r/min). 

Figures 3-63 through 3-67 each show displays of the runner orbit and the 
embedded probe output superimposed on the same photo. Speeds range between 
3665 and 5759 rad/s (35,000 and 55,000 r/min). The runner display shows a 


normal orbit using vertical and horizontal probes. Over the speed range it 
indicates a modest growth from an orbital diameter of approximately 0.004 to 
0.008 mm (0.00015 to 0.0003 in.) 

The disj'-ys resulting from the embedded probes do not show seal orbits. Each 
one was generated by a pair of embedded probes. The probes are not 90° to each 
other, rather, they are 180° apart. Thus, one display represents the vertical 
components of the ring motion while the other shows the horizontal motion. 
The arrangement is illustrated in Figure 3-68. The display format provides 
several pieces of information. Measurements 'a' and 'b' represent the average 
film thickness at each probe; ’ c ' is the arithmetic average of 'a' and 1 b ’ , 
and represents the average radial film thickness in the direction of the 
probes; 'd 1 is half the difference between 'a' and 'b', and represents the 
eccentricity in the direction of the probes. The x- and y-axes of the scope 
display represent the zero gap values and the point at which the seal rubs the 
runner. They are shown by the heavy white lines in the photo c and are the same 
for both pairs of probes in Figures 3-63, 3-64, and 3-65, For Figures 3-66 
and 3-67, the y-axis for the vertical probe display is moved to the right to 
prevent the displays from overlapping. All other aspects are the same. The 
position of the runner orbit on the photo is completely arbitrary and has no 
bearing on the other displays. If the ring remains rigid, a relative orbit 
between seal and runner registers a straight line with a slope of -1. The 
whirl amplitude in the g- ven direction is equal t? 'e'. 

Referring again to Figures 3-63 through 3-67, it is observed that the horizon- 
tal seal probe display shows as a straight line with x and y components which 
are equal to themselves and to the horizontal diameter of the runner orbit. 
This indicates that all of the relative motion measured by the embedded probes 
is actually seal runner motion and the seal ring is essentially stationary. 

The vertical seal probe displays are not very straight. This is because of 
harmonic distortion in the horizontal component of the scope display. 
Figure 3-69 shows the relative seal motion versus time for the four embedded 
probes. The fourth trace shows the distortion. The distorted waveform should 
be equal but out of phase with the third trace which shows the output from the 


probe installed 180° away. Note the mirror image relationship between the top 
two traces representing the other opposed pair of probes. 

Literally interpreted, the distortion indicates that the seaL ring is flexing; 
however, because there is no evidence of harmonic activity in the other traces 
it is discounted as an instrumentation anomaly. 

Observing the nondistorted component of the vertical display, it can be seen 
that the relative seal motion is again equd to the runner motion, indicating 
that the ring is, in fact, stationary. The n :L result is that the outboard 
seal ring stayed motionless at all test conditions. 

3.4 Acceleration Testing 

High acceleration rate tests were performed on seal set Nos. 2 and 3. Each 
test consisted of starting the tester from zero speed and accelerating it to 
maximum speed at an average rate of 152 m/s^ (500 ft/s ). Due to the dynamic 
problems, the maximum speed was set at 4188 rad/s (40,000 r/min) for seal set 
No. 2 and approximately 4712 rad/s (45,000 r/min) for seal set No. 3. T v i s 
resulted in an acceleration time of approximately 0.7 to 0.8 s. Supply and 
drain pressures were set prior to the run. The starts were achieved by open- 
ing the turbine solenoid trip valve, allowing the unit to accelerate and clos- 
ing the valve using an overspeed trip signal. Figure 3-70 depicts a speed and 
time curve typical of these tests. 

Because each fast start was followed immediately by a shutdown, there was no 
way to check steady-state operation during the run to assess any potential 
damage. Therefore, after every five fast starts performed in the manner 
described, a slow start was made using manual controls. These runs allowed 
the unit to run at steady-state conditions to permit a cursory performance 
check. 

3,4.1 S eal Set No. 2 

A total of 50 fast starts were performed with average acceleration rates vary- 
ing from approximately 149 to 198 m/s^ (490 to 650 ft/s*'). The helium supply 
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pressure was held at 931 kPa absolute (135 psia) and both inboard and outboard 
drain pressures maintained at 517 kPa absolute (75 psia). 

The first 30 acceleration runs were done in groups of 5 with slow start stead- 
y-state runs in between. The remaining 20 were performed in two groups of 10, 
again with a periodic steady-state check before and after. 

Table 3-2 gives the test conditions and provides steady-state performance data 
between each group of acceleration runs. While the flow rates do show some 
variation, there is no obvious sign of deterioration. Also, the post-test 
inspection revealed no wear or other signs of distress. 

3.4.2 Seal Set No. 3 

Forty acceleration runs were conducted on these seals with average rates vary- 

9 1 

ing between 119 anu 171 m/ s (390 and 560 ft/s ). Helium supply pressures 
started at 1069 kPa absolute (155 psia) on the early runs and increased to 
1482 kPa absolute (215 psia) on the latter runs. Bot'h drain pressures we- 
held at 517 kPa absolute (75 psia). The acceleration runs were done in groups 
of five. 

The runs proceeded in a normal fashion with no sign of problems through run 
No. 48. Tejle 3-3 documents steady-state performance between groups of accel- 
eration runs; no obvious deterioration was noted. A second slow start, run 
No. 48a, was then maue. The conditions were 1482 kPa (215 psia) and 
4712 rad/s (45,000 r/min). About 15 s into the run, the tester was manually 
tripped when its noise level increased abruptly. The strip charts revt-vled a 
subsequent increase in the outboard seal ring tempertur unifying a - ub (see 
Figure 3-36). Two attempts to restart the tester asulted in additional 
rubbing witri attendant temperature increases. The test was terminated at that 
point . 


3_ 'P t-Test Har dwar e I nsp ect o ns and Failure Analysi s 


Tables 3-1 and 
after testing. 


3-4 summarize the condition of the seals and runners before and 
The former provides key dimensional data while the latter is a 


A 
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qualitative description. 


An overalL evaluation of the post-test condition of the seal rings and runners 
reveal that they fall into essentially one of two categories: those with 
significant damage and those with no damage at all. 

Three seal rings fall into the first group. All were damaged due to rubs 
between the ring and runner. In all cases the rubs happened suddenly and 
unexpectedly. Fortunately, the rubbing was very obvious in the data and 
permitted quick shutdowns. In fact, in all three cases, the turbine was 
tripped within 5 s of the start of the rub. While the damage was confined for 
the most part to surface effects, it is obvious by the rate at which it took 
place that the rubs were very destructive and had they been allowed to 
progress for even 10 to 20 s, much more serious damage would have resulted. 

The remaining five seal rings constitute the undamaged group. These went 
through the same battery of tests as the failed seal rings. Additionally, 
three rings were subjected to a fail 're of the adjacent seal ring. None of the 
rings showed signs of wear or other distress on the mating surfaces with the 
possible exception of some slight polishing over short arcs. 

3.5.1 Seal Set No. 1 

The outboard seal ring rubbed due to high runner vibration at a speed of 
approximately 5759 rad/s (55,000 r/min). Removal of the end cap revealed the 
outboard sesl drain cavity had a film of black soot on all surfaces. The 
damaged outboard seal ring was tight on the runner due both to wear debris and 
surface damage. It had to be worked loose. Figure 3-71 gives a partial view 
of the seal ring showing heavy rub marks over aLl surfaces of the bore. Before 
and after bore measurements which are shown in Table 3-1 indicate that 
0.023 to 0.028 mm (0.0009 to 0.0011 in.) of carbon graphite had worn away. 
This can be observed in Figure 3-71 by noting that the machined depths of the 
pockets was also approximately 0.023 to 0.026 mm (0.0009 to 0.0011 in.) and 
that the lands had worn down and blended with the bottom of the pockets. The 
seal ring showed no other signs of damage although a slight bit of polishing 
was noted on the axial sealing land. 
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The inboard seal ring was Loose on Che runner in its normal position, however, 
was tight when it was pulled over the area damaged by the outboard seal. To 
prevent additional damage, LN 2 was poured onto the runne r to decrease its size 
and alleviate the bind. The inboard seal was successfully removed and is 
partially shown in Figure 3-72. While there is 9ome evidence of slight 
polishing over a 11 ^0° arc (shown as the darker areas in Figure 3-72), 
there is no real wear. The few scratches which show in the photo most notably, 
those in the axial direction, are thought to have happened during the disas- 
sembly. Very slight polishing of the axial sealing land was noted. 

Figure 3-73 shows the seal runner illustrating several aspects of the damage. 
First, the rubs are confined to the middle and right-hand or outboard side of 
the runner. The marks in the middle were caused by rubs with the capacitance 
probes. The marks on the right side are due to the seal. They are heaviest 
towards the edge. These show a continuous pattern aiL the way around and 
correspond with the axial breakdown land on the seal. The marks inboard of 
that land correspond with the Rayleigh-step portion cf the seal. These appear 
as discontinuous skip marks and indicate lighter contact in this area. The 
periodicity is probably attributable to slight high spots built in during the 
grinding of the runner. Numerous longitudinal heat cricks are in evidence in 
all rub areas. Also, several small pieces of the tungsten carbide coating 
came off in the cracked areas. The latter 13 illustrated by the magnified 
view shown in Figure 3-74 (11. 4X). The other end of the runner is free of rub 
marks . 

It 5-2 Se al Set No. 2 

Both seaL rings went through the testing with no rubbing. The post-test 
disassembly showed no sign of soot or other wear debris. Both rings were 
loose and easily disassembled. Except for a slight bit of polishing over a 
90° band on the downstream e^ge of the inboard seat ring and in spots on the 
axial sealing land of both seal rings, neither ring shows evidence of having 
run at all. Figure 3-75 shows a partial view of the outboard ring. Likewise, 
an inspection of the runner revealed no evidence of any marks. 
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3.5.3 SeaL Set No. 3 


The outboard seal ring rubbed unexpectedly while running at steady-state 
conditions at 4712 rad/s (45,000 r/min). 

Removal of the tester end cap and seals to ;aled that in addition to small 
amounts of black soot in both the seal supply chamber and the outboard seal 
drain cavity, there was several small pieces of leaf material. It was also 
found that one of the two helium supply ports was partially plugged with the 
same leaf material. The failure was thus attributed to the presence of the 
contamination. 

Both rings were removed by chilling the runner with LN 2 . This was done to 
prevent additional damage. The outboard seal showed substantially less damage 
than the failure of the first seal. In this case, the wear was concentrated on 
the breakdown land and adjacent bearing land on the downstream end of the 
ring. Figure 3-76 shows a typical partial view. While the upstream land 
areas were not heavily worn, a number of heavy scratches were in evidence. 
Figure 3-77 sh' cj the undamaged inboara ring. 

As with the twr. previous seal sets, the axial sealing face of seal set No. 3 
rings showed some evidence of slight polishing. Likewise, the mating land 
areas the seal housing showed areas of contact where minute deposits of 
carbon graphite had rubbed off. 

The damage to the runner was less than the first failure, however, it followed 
a similar pattern as shown in Figure 3-78. The rub marks are heaviest in the 
area of the breakdown land and less severe under the adjacent bearing land 
areas. The only other marks under the outboard seal are at extreme upstream 
end and are very slight. A pattern of skip marks appear and predominantly 
longitudinal heat cracks abound. Figure 3-79 shows a magnified view (11. 5 X ) 
of where several small pieces of the tungsten carbide c ating came off. 
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3.5.j4 Seal Set No. 4 

The inboard seal rubbed due to insufficient radial clearance at 5968 rad/;; 
(57,000 r/min). The outboard drain cavity was clean and the outboard seal was 
loose on the runner and easily taken out. The inboard ring was tight to the 
runner and had to be pulled off. 

The damaged inboard ring is shown in Figure 3-80. In addition to signs of 
moderate rubbing across most of the width of the seal and all the way around 
its circumference, a single radial crack extended through a cross section of 
the ring. This can be seen in the photo between the feed groove and the end of 
the adjacent pocket. 

The outboard seal ring which has the embedded capacitance probes is shown in 
Figure 2-24. It is completely undamaged and shows no sign of having rubbed. 

A photo of the runner is shown in Figure 3-81, Heavy rub marks appear in the 
areas undef the pressure breakdown land and the adjacent bearing land. Next 
to the latter there is some evidence of the "skip marks" noted on the other 
runners and narrow streak-like rub marks under the other bearing land. The 
entire area under the seal ring shows evidence of polishing. The middle and 
other end of the runner show no marks at all. 

3.6 Discus s ion Of The Resu lts 

The testing addressed a number of important aspects of the design of the 50-mm 
Rayleigh-step helium buffer seal. These include: 

• Steady-state operation 

• Fast-start capability 

• Seal life 

• Leakage rates 

• Parametric effects 

- Seal flow path 

- Environmental interaction 

- Supply pressure 
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- Shaft speed 

- Seal clearance 

- Seal temperature 

• Dynamic performance of the seal rings 

* Material considerations. 


3^6.1 St ead y-St ate Operation 

The seals proved themselves capable of operating over a wide range of supply 
pressures and speeds. Supply pressures of up to 1482 kPa absolute (215 psia) 
were applied to three of the four test seal sets at various shaft speeds with 
very satisfactory operation resulting. Testing at maximum pressure included 
slow ascents from low to high speeds with maximum pressure applied and appli- 
cation of increasing pressures up to the maximum value at various constant 
speeds. The only indication of a problem which may have been connected with 
high supply pressures, occurred during the testing of seal set No. 3 when the 
inboard seal ring developed a sizable orbit that appeared to get larger as 
'pressure was increased. 

Despite the whirl, the 3eal ring ran satisfactorily at 1482 kPa absolute 
(215 psia) at the maximum allowable tester speed. The dynamic consideration 
of this instance is discussed in Subsection 3.4.2. A great deal of running 
was also done at fairly low supply pressures with no evidence of problems. 

Satisfactory seal operation was achieved up to speeds of 5759 rad/; 
(55,000 r/min). Operation at higher speeds was precluded because of the 
dynamics problem in the tester which resulteu in large whirL orbits at the 
seal runner. The whirl which had an estimated double amplitude of 0.038 to 
0.051 mm (0.0015 to 0.002 in.) occurred during seal set No. 1 testing and 
caused the failure of the outboard seal ring. Seal set Nos. 2 and 3 were 
arbitrarily limited to lower speeds to avoid repeating the failure. Seal set 
No. 4 inboard also failed at about the same speed as seal set No. 1; however, 
its problem occurred for a different reason and under different circumstances . 
The failure was due co a total loss of clearance. This wa' well substantiated 
by the data recorded and presented in Subsection 3.3.4. The clearance loss 
was due to two factors which were: 
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1. Increasing centrifugal growth of the runner 

2. Higher film temperature due to a higher temperature environment. 

To avoid test rig problems, seal 3et No. 4 and the runner were not exposed to 
I.N 2 ( see Subsection 3.1). There was no question that larger machined clear- 
ances would have prevented the seal from closing up and allowed operation to 
continue . 

In summary, despite the tester-imposed speed limitation, all indications were 
that the seals would have operated successfully at the full speed of 
7329 rad /3 (70,000 r/min) with up to maximum supply pressure applied. There- 
fore, it is concluded that the design meets the basic speed pressure perfor- 
mance requirements and should receive continued consideration as a viable 
design. 

3. 6 .2 Start-Up Per t' o rma • ice 

This appears to be one of the lesser demands imposed on the seals. Both seal 
sets that were subjected to the high acceleration rate tests showed no prob- 
lems during or immediately after any of the fast starts. • This is not unex- 
pected given the conditions which apply during a start-up. Helium supply 
pressure is applied to the seals prior to rotation. During the testing, this 
included various pressures up to a maximum of 1482 kPa absolute (215 psia). 
In actual turbopump operation the full design pressure is applied. The pres- 
sure seats the seal rinps and establishes flow, although the rings are proba- 
bly not concentric with the runner. During the initial start, rubbing will 
occur if the seal is in contact with the runner. As the speid increases, a 
hydrodynamic film develops which results in forces tending to center the seal. 
These forces increase as speed goes up until they are sufficient to overcome 
the frictional forces, at which point the seal ring moves to a concentric 
position and the rubbing stops. The required acceleration rates resulted in 
start-up times of approximately 0.77 s from 0 to 4712 rad/s (0 to 
45,000 r/min), the maximum test speed, and 1.20 s for acceleration to 
7329 rad/s (70,000 r/min). Therefore, the time during which rubbing would 
occur is very short. Moreover, because it occurs during the initial part of 
the run, the speeds are lower. This results in less heat and lower temper- 
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atures at the rubbing surfaces. All of these factors combine to actually 
favor the high acceleration rate starts. 

While no operational problems resulted from the fast starts, neither was there 
a buildup of significant wear on the seal rings. Seal set No. 2 underwent 50 
fast starts while seal set No. 3 was subjected to 40 starts. Excluding the 
No. 3 outboard seal which failed due to contamination, the post-test 
inspection (see Subsection 3.6.3) found very little wear on the seal rings. 
In fact, the only real evidence of wear were several short arcs in the bore, 
area which showed 3ome polishing. This is slightly evident, on the left side 
of the photo showing seal set No. 3 ring (Figure 3-77). The tests show that 
the seal design is capable of undergoing multiple high acceleration rate 
3tarts without damage or significant wear. 

3.6.3 Seal Fi fe 

Thi3 readdresses the topics of sceady-state operation and fast start capabili- 
ty but from a slightly different viewpoint. Evaluating seal life potential 
based on the tests that were conducted is a matter of: 

1. Revi.v.-'ng the life that was achieved in the seals 

2. Evaluating the failures that occurred 

3. Identifying any mechanisms that were present and could have caused a 
f a i lure . 

Table 2-1 presents the cumulative test time and number of fast starts for each 
of the test seals. Seal 3ets Nos. 2 and 3 were operated for the longest peri- 
ods of time, each one achieving appi oximately 4 h of running. This in itself 
is significant because it represents about 40% of the design life. What is 
more important is that the 4 h logged by each seal set is not really indic- 
ative of their useful life which could have been much longer. T! .s i3 easy to 
see for seal set No. 2. These seals went through the most extensive battery 
of tests of the four set3 including acceleration testing. At the end of 
tests- both the seals and the runner looked as good as before they were test- 
ed. By all indications they could have been reinstalled and run for an indef- 
inite period. Seal set No. 3 falls into a similar category. It also went 


through a subfit ant ial schedule; of tests which although not quite as 1 ong , 
routinely achieved higher supply pressures than seal set No. 2. It operated 
successfully right, up to the point at. which the outboard seal rubbed and t *ie 
test was terminated, yet the inboard seal wa3 removed and like seal set No. 2 
showed almost no signs of having run. 

Seal set Nos. 1 and 4 logged considerably less time than seal set Nos. 2 
and 3, the former achieving about 1-1/2 h and the latter approximately 20 min. 
Both tests were terminated by failures of one of the rings. However, the 
rings that did not rub showed no signs of deterioration and, like seal set 
No. 2, would probably have ru i for a much longer period of time. 

While the three failures that did occur certainly ended the lives of both the 
seals and runners involved, they need to be carefully evaluated to determine' 
what they really revealed about the life potential of the seal design. 

As discussed in Subsection 3.6, all three failures share several common char- 
acteristics. The major manifestation of the failures were radial rubs between 
the runner and one of the seal rings. All happened very suddenly and unex- 
pectedly. Despite quick shutdowns, significant damage resulted in each case. 
Thus, there is no question that the seal design is very sensitive in this area 
and with existing materials, even the briefest of rubs are to be avoided. 

While damaging rubs were common to all the failures, the triggering mechanism 
was different in each case. Furthermore, each of the mechanisms could have 
been avoided by changes in the design or more careful control of the system in 
which the seals were installed. 

The failures of seal set Nos. 1 and 3 were caused by outside influences, tne 
former being triggered by runner whirl diameters which were estimated to be 
between 0.038 and 0.051 mm (0.0015 and 0.002 in.) peak to peak and the latter 
apparently caused by fairly substantial amounts of contamination in the seal 
area. While the exact levels of vibration the seals should be capable of 
handling can be argued, the levels to which seal set No. 1 was exposed were 
clearly excessive. The amount of contamination was much greater than should 
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have occurred. Both problems can be avoided in future appl icar i m. Seal set 
No. 4 failed because of insufficient, clearance. This il.so is easily remedied. 

The only other mechanisms which were observed to have potential for limiting 
seal life involved wear in the bore of the seal due to brief rubbing during 
start-ups and wear on the axial sealing faces of the seal rings. Both appear 
to be minor problems and would not be expected to limit seal life to less than 
the 10~h, 300-start requirement. 

In summary, despite being highly sensitive to rubs between the seal rings and 
runner as are most high-speed radial seals, the current design appears capable 
of meeting the NASA life requirement of 10 h and 300 starts. 

3.6.4 L eaka ge Rates 

Low helium leakage rates are a very important aspect of the seal design. The 
leakage rates of the 50-mm Rayleigh-step design were found to be very low and 
represent a significant improvement over currently used designs. Figure 2-8 
provides an overview showing a maximum flow envelope for each seal set as a 
function of pressure drop. Each flow curve represents the higher of the two 
seal (inboard or outboard) flows at a given operating point. All speeds and 
pressure conditions included in the testing are covered except for r.ero speed. 
The highest fluw recorded during steady-state testing was 0.0026 kg/ s 
(33 scfm). Typically, the flows ranged between 0.001 and 0.002 kg/s (13 and 
25 scfm). While the leakage flows were quite low, the governing relationships 
proved to be very complex. Thus, given the number of test conditions repres- 
ented, Che reader i3 cautioned not to draw any conclusions beyond simply 
establishing the general range of fLows. 

Figure 2-9 shows a slightly more simplified overview. Again, the maximum flow 
is given for each seal set. However, in this case, only test points at shaft 
speeds of 4712 rad/s (45,000 r/min) are given. While it is not the highest 
3peed tested, it is the highest speed at which a wide range of supply pres- 
sures were applied to each seal set. Most of che flows were in the 0.0010 to 
0.0016 kg/s (13 to 20 scfm) range. Seal set Nos. 2 and 3 had maximum pressure 
drops of 1365 and 1250 kPa (198 and 181 psi) Extrapolating to a pressure 
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drop ”*■' j kPa (200 psi) results in expected flows of 0.0019 and 0.0012 kg/s 
(24 ° j scfm). Because the radial flow clearances will go down as speed 
increases due to centrifugal growth of the runner the extrapolated flows could 
also be .egarded as conservative estimates of the flows that would have 
occurred at the full design conditions. 

3.6.5 Parametric Effects 


The testing uncovered a number of relationships among the various system 
parameters. Some of these were very logical and supportive of the design 
analysis, while others pointed out new insights that need to be included or 
more heavily weighted in the design. Because the system proved to be very 
complex, primarily because of strong parametric interaction both from within 
the system and with the surrounding environment, the measurements though fully 
adequate to verify the main performance variables (supply pressure, speed, 
leakage, etc.) were not sufficient to explain all aspects of the system behav- 
ior. With these considerations in mind, the following sections discuss the 
principal system variables in terms of: 1) how they affected or were affected 
by system performance, particularly leakage flow, 2) how their behavior corre- 
lates with the- design analyses, and 3) what emphasis, both experimental and 
theoretical, should be placed on them in future designs and studies. The 
discussion includes: 

• Seal flow path 

• Environmental interaction 

• Seal pressure 

• Shaft speed 

• Seal clearance 

• Seal temperature. 

3. 6. 5.1 Seal Flowpath . Most of the discussions of seal flow so far have 
assumed that all of the helium flow goes through the annular space between the 
seal ring and the runner. This is not necessarily the case. A second flow 
path exists across the radial sealing land of the ring and the mating surface 
on the seal housing. If either surface is not flat or becomes distorted, a 
flow area will exist and flow will take place. Likewise, if for any reason the 
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ring Lifts off slightly, a flow will taka place. In either case, the flow 
instrumentation would not have been able to distinguish between the normaL 
flow through the radial clearance and an axial bypass fLow. Any bypass flow 
wouLd have been combined witn the normal fLow. 

Bypass flows, if they occur, are likely to be fairly small and therefore prob- 
ably do not have a Large effect on overall performance. However, at condi- 
tions of low flow between the seal and runner, bypass flows may cause 
substantial errors in the measurements and result in poor correction with 
predicted resuLts. Future work should give consideration both to predicting 
and measuring bypass flow. 

3. 6. 5. 2 Environment Interactions . The system surrounding the seal rings and 
runner had a very strong effect on the leakage rates. Moreover, effects were 
not the same for aLL of the seaLs even though the principal test conditions 
(supply pressure, speed, etc.) may have been the same. Differences occurred 
in two areas: 1) between the inboard and outboard seal rings, and 2) between 
seal set No. 4 and the first three seal sets. Subsection 3.2 describes the 
mechanical differences of both. 

The principal differences between the inboard and outboard seals were the 
temperatures of the seal rings and the corresponding sections of the runner. 
The main effect was on the runner for the first three seal sets. The inboard 
face was directly exposed to the LN 2 in the inboard drain cavity whereas the 
outboard face was exposed to the outboard drain cavity containing onLy helium. 
This resulted in the runner taking on the shape of a truncated cone due to a 
net contraction of the inboard end. The effect on the rings was somewhat 
less. Heat was conducted out of both rings through the axiaL seaLing Lands 
into the adjacent housing. Because of the temperature difference across the 
housing, the inboard ring was slightly colder and therefore contracted more 
than the outboard ring. This was predicted by the thermal analyses and veri- 
fied by measurements of the seal ring temperatures. Typical data is shown in 
Figure 3-10. Measurements were not possible on the runner. The net effect of 
the differences in thermaL contraction between the inboard and outboard seaLs 
(and runner) was that the inboard clearances tended to increase more than 
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those on the outooard as the unit cooled down to operating temperature. This 
permitted generally larger £lows through the inboard seal ring. 

The physical changes between the fourth seal and the previous three are 
described in Subsection 3.2. The major effect was that the labyrinth seal 
prevented the draining of LN 2 from the adjacent bearing from contacting the 
end of the runner and the inboard side of the seal housing. This resulted in 
two changes: 1) the thermal contraction of the runner was less on both ends, 
and 2) the coning effect was greatly diminished. Similar effects occurred 
with the seal rings. With the seal housing better isolated, its temperature 
also went up resulting in less heat transferred from the seal rings and higher 
ring temperatures. The overall result of the addition of the labyrinth seal 
was higher and more uniform seal ring and runner temperatures, e.g., less 
difference between the inboard and outboard seals and less change in radial 
clearance due to tester chill-down. The Latter is illustrated by comparing 
the temperatures in Figure 3-10 and those in Figure 3-50. The latter accounts 
for the comparatively low flows measured on seal set No. 4, despite its larger 
room temperature clearances. Overall, the changes were beneficial because 
they reduced the effects of the surrounding system allowing better control 
over seal operating parameters. Future developmental tests should give care- 
ful consideration to achieving good isolation. Tests designed to evaluate the 
seal's design in a specific application, e.g. the LOX turbopump, must simulate 
the environmental interaction as closely as possible. 

3. 6. 5. 3 Seal Pressure . Both supply and drain pressures were key independent 
variables controlled during the testing and of obvious importance in determin- 
ing helium flow rates. While various supply pressures were applied, the 
inboard drain pressure was held fairly constant. Thus, for the inboard seal, 
the supply pressure also determined the pressure drop. The outboard drain was 
set at several different values resulting in different pressure drops and, 
therefore, flow rates at the same supply pressures. 

Experimentally evaluating the effects of supply pressure or pressure drop was 
very difficult for the first three seal tests because the operating clearances 
were not accurately known. Since substantial changes in the clearance were 
known to have taken place, it was impossible to experimentally separate the 
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effects of the pressure and clearance, at Least for the bulk of the testing. 
To provide a rational (if only first order approach), a comparative analysis 
was conducted which consisted ol computing theoretical flow-pressure curves 
at different clearances and comparing them with the measured flow-pressure 
curves. This automatically provided an estimate of the actual operating 
clearances. The data taken during seal set test No. A included good measure- 
ments of clearance on the outboard seal and thus a much better basis for anal- 
ysis. 

At Low speeds most of the experimental flows from the inboard seals of seal 
set Nos. 2 and 3 were found to increase in the same manner as theoretical flow 
at constant clearance. For these data, the flow increased solely as a func- 
tion of supply pressure. At high speeds, the flow was found to be flatter with 
higher pressure points corresponding with smaller theoretical clearances than 
lower pressure points. 

Generally as the speed increased, the indicated theoretical clearance 
decreased. While some of this was clearly due to the effect of centrifugal 
growth causing the runner to increrse in diameter, the indicated decrease was 
more than was expected due to growth alone. This suggested that other effects 
are also taking place. The three effects are illustrated in Figure 3-82a. 

The outboard seals of set Nos. 2 and 3 showed a quite different flow behavior 
as illustrated in Figure 3-82b. Generally, the flows were considerably less 
than the inboard seals. This was most pronounced at low speed where the 
inboard flows followed fairly high theoretical clearance lines. At constant 
speeds, the outboard 3eal flow curve stayed flat as pressure increased indi- 
cating that the clearances were decreasing. This may have been due to the 
increase in total seal flow (due to increased inboard seal flow) which would 
have a warming effect on the runner and thus cause a net decrease in the 
already small outboard seal clearance. The second strong effect was no 
discernable change of flow or indicated clearance as speed was increased. The 
speed effect was almost the reverse of what occurred on the inboard seal. For 
the inboard seal, the decrease in indicated clearance was much greater than 
the centrifugal growth would permit; for the outboard seals there was no 
decrease. Some of the effects are baffling and strong thermal interactions 
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are suspected. The flow data from seaL set No. 1 was excluded from the 
discussion because only total flows were measured. 

During the testing of seaL set No. 4 only one pressure was applied at each 
speed, therefore, no experimental flow-pressure curves were generated. How- 
ever, the flow decreased substantially on both seals as a function of speed, 
permitting a comparison of measured clearance with indicated clearance over a 
range of values. This showed that the actual clearances were considerably 
less than those indicated by the theoretical flow relationship (see Figure 
2-7). This further indicates that actual flows are greater than predicted 
flows at the same clearance. Two possibilities arise to explain the discrep- 
ancy: 1) the flow model needs to be modified to fully account for the condi- 
tions in the seal, or 2) the difference between actual and predicted flows 
occurred as a bypass flow. Unfortunately, the shortness of the test precluded 
exploring the behavior to any greater extent. It is important to note that 
the anomaly found with the fourth seal more than likely applies to the three 
previous tests and must be considered in evaluating their behavior 

Future work needs to concentrate both experimentally and analytically to 
better characterize the 'pressure-flow relationship and its interaction with 
seal and runner temperatures and speeds. The strong thermal effects under- 
score the recommendation of the previous section. Other items should include: 

1. Measuring seal film thickness of both seal rings using embedded 
probes. This is clearly the most satisfactory approach. 

2. Measuring the bypass flow. Even a rough measurement would be useful. 

3. Measuring the drain flow from both seals. This would provide a check 
on the overall accuracy of the flow measurements. 

3. 6. 5. 4 Shaft Speed . Shaft speeo was another carefully controlled independ- 
ent system variable. Speed has a major effect on the stiffness and damping 
properties of the Rayleigh-step part of the seal ring and hence the ability of 
the seal ring to maintain a centered position and good dynamic behavior. Its 
effect on seal leakage flows, however, is entirely indirect and theoretically 
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consists only of causing the runner to grow in diameter because of centrifugal 
forces which cause a decrease in seal clearance and leakage flow. 

The effect of decreasing clearance with increasing shaft speed was more or 
less borne out during the testing. Data from seal set No. 1 (combined flows) 
and the inboard seals from seal sets Nos. 2 and 3 clearly showed decreases in 
indicated clearances as speed increases. The outboard seals of seal set 
Nos. 2 and 3 did not show the clearance decrease which indicates the presence 
of an opposite influence. 

The testing of the fourth seal also showed the effect and since the outboard 
seal clearance was accurately measured permitted a direct comparison with the 
predicted behavior. Figure 3-53 showed the measured decrease in clearance 
matched the predicted change. 

3. 6, 5. 5 Seal Clearance . This proved to be one of the most elusive parameters 
with an accurate measurement not being achieved until the fourth seal test. 
Clearance is important both in determination of the stiffness and damping 
properties of the seal rig and the leakage flow rates. 

Operating clearances were found to be very sensitive to several factors 
including speed, environment effect, and flow effects. The second and third 
are entirely thermal effects and more difficult to fully characterize. The 
environmental influence from the nearby cryogenic tested section, cause the 
clearances to increase by decreasing the temperature of both the seal ring and 
runner. The clearance increase results from the larger expansion rate of the 
runner material. The helium flow, being much warmer than either seal parts, 
has the opposite effect causing the temperatures to increase and the clearance 
to decrease. 

Since leakage flow and seal clearance are so closely related, the discussions 
of the pressure-flow characteristics given in Subsection 3. 6. 5. 3 also provide 
direct insigh. s into the clearance behavior. In summary, these arrangements 
indicated that the inboard seal clearances of seal set Nos. 2 and 3 were 
insensitive to pressure and flow and decreased as speed increased. The 
outboard seal clearances of seal set Nos. 2 and 3 decreased as pressure 
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increased and were insensitive to speed changes. Both of these effects were 
actually caused by the concurrent thermaL changes. The seal data of seal set 
No. 4 were too limited to establish clearance sensitivity to pressure, howev- 
er, did disclose that both seals showed the predicted clearance (based on 
actual clearances) as speed increased. 

One additional consideration worth noting is the effect of the manufactured 
clearances and the initial chill-down. For seal set Nos. 2 and 3, the manu- 
factured clearances of the inboard seals were smaller than the outboard seals 
by >^30% (see Table 3-1). However, due to initial chill-down, the inboard seal 
clearances become larger than the outboard seals. This condition resulted in 
the inboard flows being generally larger than those of the outboard seals. 
The larger flow of the inboard seal was thus likely to have a stronger thermal 
effect both on its own clearance and the clearance of tne outboard seal than 
the much smaller flow from the outboard seal. Along the same lines, the smal- 
ler clearance of the outboard seal makes its flow more sensitive to a given 
change in its clearance. Both effects tend to enhance the likelihood of the 
inboard seal flow having a strong effect on both the clearance and flow of the 
outboard seal. 

The manufactured clearances of the No. 4 seals were larger than most of the 
previous seals. However, after the initial chill-down, its indicated clear- 
ances dropped below those of seal set Nos. 2 and 3. This showed the dimin- 
ished environmental effect resulting from the addition of the labyrinth seal, 
and the better thermal isolation it caused. Because supply pressures were 
held constant during the run, the tendency for the inboard seal flow to 
strongly affect the outboard seal could not be established. 

The arguments again underscore the need for good clearance and flow measure- 
ments. Also, given the strong system interactions which effect clearance, 
future efforts should incorporate an extensive thermal analyses. 

3. 6. 5. 6 Seal Temperature . The importance of both seal and runner temper- 
atures in determining clearance and leakage flows has already been estab- 
lished. Runner temperatures are probably more important because of the higher 


expansion race of Inconel. However , because Che runner roCaCes CemperaCure 
measurements are virtually impossible and were noC aCCempCed during Che 
program. AC besc, seal ring CemperaCures provide only pare of Che desired 
relacionship and help Co esCablish crends. 

One effecc common Co all of Che seals was Che excremely low seal CemperaCure 
ChaC resulced aC very low helium flow races. TemperaCures of -70 Co -90°C 
(-94 Co -130°F) were recorded. This is noC unreasonable because Che only 
source of heae is Chac Cransmicced Chrough Che seal housing from Che ouCside 
air. For Che firsC Chree seal sees, Che race of change of seal CemperaCure 
wich supply pressure was very high aC low pressures and gradually Capered off 
aC intermediate and high pressures. 

The No. 4 seal data did not permit a parallel assessment. The temperature 
data given in Figure 3-50 did show, however, that with no flow (which was the 
case after the tester shut down), the seal temperatures did reach -70°C 
(-94°F). However, when a small flow was present, the temperatures quickly 
rose to -10 to +10°C (14 to 50°F). (See the -100 to -60 min period on Figure 
3-50.) Figure 3-82c illustrates the effects. The effects of speed on seal 
temperatures were significant in most cases. Seal set Nos. 1 and 3 showed a 
roughly parallel downward shift of the temperature supply pressure curves as 
speed increased (see Figure 3-82d). The temperature data of seal set No. 2 
did not show a clean trend. SeaL set No. 4 also exhibited a temperature 
decrease as speed increased. 

A last observation worthy of mention is the effect illustrated in 
Figures 3-82e and 3-82f. This was described in the latter part of 
Subsection 3.2.2. Figure 3-82d shows several curves of flow and temperature 
versus pressure drop across the outboard seal of seal set No. 2. The curves 
represent high, medium, and low outboard drain pressures and show that while 
as outboard seal flow increased steadily as the pressure drop increased, the 
corresponding seal temperature curves showed major discontinuities. Figure 
3-82f plots the same flow and temperature data plus the total flow from both 
seals versus supply pressure. The figure also shows the temperature curves 
falling much closer together. Since the inboard seal drain pressure was the 
same for all the runs, its flow, and hence the total flow from both seals, 
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function of supply pressure. Therefore, total flow appeared to be a much 
greater factor in determining the outboard seaL temperature than was the 
outboard seal flow. 

3.6.6 Dynamic Performance 

The dynamic performance of the seals tested proved to be very good. However, 
the testing was not designed to evaluate this aspect in any particular fash- 
ion, therefore, no controlled excitations were applied. Neither were the 
operating conditions intentionally changed to require the seals to run in a 
region where self-excited motions were predicted to take place; i.e., the low 
friction region. In fact, quite the contrary, drain pressure requirements 
resulted in the seals operating almost totally in the high friction region of 
the operating map where dynamic motions are heavily retarded by substantial 
friction forces. 

Seal runner whirl orbit diameters were generally in the Q.Q05 to 0.008 mm 
(0.0002 to 0.0003 in.) range except for some of the high speed runs where 
orbit diameters reached 0.010 *to 0.013 mm (0.0004 to 0.0005 in). For most of 
these runs, the seals remained motionless which is the predicted response 
considering the operating region. It is also the preferred response since the 
whirl orbits of the sizes described are small in relation to the operating 
clearances generally observed. 

Seal motions did arise on several occasions. The principal occurrence was 
with Che inboard seal of seal set No. 3. The seal ring developed an in-phase, 
generally elliptical orbit. The orbit was observed at all three test speeds, 
3665, 4188, and. 4712 rad/s (35,000, 40,000, and 45,000 r/min) and became larg- 
er in amplitude as the supply pressure was increased. The maximum orbit diam- 
eter was approximately 0.025 to 0.030 mm (0.001 to 0.0012 in.). Since the 
supply pressures and shaft speed placed seal operation clearly in the high 
friction region, the motions are baffling. Details of the occurrence are 
provided in Subsection 3.3.2. 

In summary, the tests did show that the seals were generally well behaved 
dynamically, but in view of the lack of specific dynamic testing and the 
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occurrence of Large whirl, it is suggested that future studies give particular 
attention to this area. Analytical studies should consider how a seaL ring 
might respond in the presence of a significant bypass flow. 

3.6.7 Material Consideration s 

ALL three seal failures were due to rubs between one of the seal rings and the 
runner. While each of these was precipitated by a different mechanism, the 
end result was unacceptable damage to both parts. Two combinations of materi- 
als were tried. The first consisted of P5-N formulation of carbon graphite by 
Purebond for the seal ring against a tungsten carbide coating using a silicon 
carbide binder on an InconeL 718 runner. This was used for the first three 
seal tests. Two failures occurred with this combination resulting in substan- 
tial wear of both the seal ring and runner. ALso, numerous surface cracks and 
some delamination of the carbide coating occurred on the runner. Very high 
temperatures had been generated at the rubbing interface and were responsible 
for the cracking and rapid deterioration. The second combination which was 
used for the fourth seal set did not work any better. It consisted of the same 
seal ring material, however the runner had an electrolized surface with 
InconeL 718 again as the base material. The failed parts again showed 
evidence of rapid wear and high temperatures. While no cracks were observed 
on the runner surface, the grooving and wear were no more acceptable than the 
damage of the previous runners. 

Given these results, it is clear that additional work needs to be done to 
identify or develop material combinations that are more suitable. While good 
strength properties are necessary and important, good rubbing properties at 
both low and high temperatures are key. Low coefficients of friction and high 
thermal diffusivity are very important. Other necessary properties need to be 
identified. 

Another aspect that needs to be considered is the match-up of coefficients of 
expansion of the seal ring and runner materials. The base materials used in 
the testing have substantially different rates, 10.8 jim/m-°C 
(6.0 }iin./in.- 0 F) for the Inconel 718 runner and 4.3 pm/m-°C 
(2.4 pin./in»-°F) for the P5-N carbon graphite seal rings. The much higher 
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rate for the runner results in a tendency for the runner to rapidly grow into 
the seal due to the heat generated during the initial stages of a nib. This 
would aggravate a partial rub and, because the operating clearances are very 
small, would quickly result in a progression to a full rub. Material combina- 
tions with closer expansion rates or in which the seal ring material has high- 
er rates than the runner material would help to alleviate the problem. 
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TABLE 3-1 


SEAL DIMENSION SUMMARY 


Seal Set 
Number 


Seri a 1 
Number 

Mating 5urfaca 
Diameter 
(mm) 

Radial 
C 1 earance 
(mm) 

Mating Surface 
Diameter 
(mm) 

Radial j 

Clearance I 

(an) | 

Design 
Dimens i ons : 

Outboard Ring 


50 . 028-50 .033 

0.009-0.015 




Inboard Ring 

— 

50 . 020-50 .025 

0.015-0.01 1 

— 

— 


Runner 


5C. 002-50. 010 


— 

~ 

1 

Outboard Ring 

108302 

50.030-50.033 

0.013-0.017 

50.079-50.086 

0 . 825-0 . C47 


Inboard Ring 

108306 

50 .020-50 . 024 

0.008-0.012 

— 

— 


Runner 

078303 

— 

— 

— 

— 


Otb. Sur. 

— 

50 . 000—50 . 004 

— 

49.992-50.028 

— 


Inb. Sur. 

- 

50. 000-50. GG4 

— 

49.995-50.002 

— 

2 

Outboard Ring 

108304 

50.029-50.033 

0.009-0.012 

50.038-50.043 



Inboard Ring 

108308 

50.023-50.025 

0.006-0.008 

50.033-50.035 

— 


Runner 

078302 

— 

— 


— 


Otb. Sur. 


50. 009-50. 01 1 


50. 009-50. on 

— 


Inb. Sur. 

, 

50.009-50.01 1 


50.009-50.01 1 

— 

3 

Outboard Ring 

108305 

50.029-50.030 

0.C09-0.011 

50.038-50.089 

0 . Li0 1 — 0 . 044 


Inboard Ring 

108301 

50.020-50.025 

G.004-Q.Q08 

50.030-50.033 

— 


Runner 

0783G2 

— 

— 


— 


Otb. Sur. 


50.G09-50.0l 1 

— 

50. 000-50. C25 

— 


Inb. Sur. 


50. 009-50. 01 1 


50.035-53.008 


4 

Outboard Ring 

103301 

5G.‘i29-5C.033 

0.016-0.018 




Inboard Ring 

108302 

50.020-50.025 

0. 013-0. C16 


— 


Runner 

078304* 





— 


Otb. Sur. 

— 

49.997- 

— 


1 


Inb. Sur. 


49.992-49.995 



1 


*MTI 





3-45 


TABLE 3-2 


ACCELERATION RUN PERFORMANCE DATA - SEAL SET NO. 2 



to change chart paper. 


•Run 30a Has a repeat of Ron 30, after a brief sftutJow: 
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TABLE 3-3 


ACCELERATION RUN PERFORMANCE DATA - SEAL SET NO. 3 


Run No . 

Acce 1 erat i on 
Rate 

H - Hlgh/L - Low 

Max imum 
Shaft Speed 
( rad/s) 

He 1 1 um Suppl y 
Pressure (P12) 
( kPa , Abs . ) 

Outboard Drain 
Pressure (P2) 
(kPa, Abs.) 

Oi-tboard Seal 
F 1 UN 

(kg/s x 10 4 ) 

Inboard Seal 
Flow 

(kg/s x 10 4 ) 

1-5 

H 

4 . 

712 

1 .069 

517 


_ 

6 

L 







10.4 

* 1 .5 

7-1 1 

H 







- 

- 

12 

L 







9.6 

13. 1 

- 







10.8 

14. 1 

13-17 

H 









18 

L 







9.6 

17.3 

19-23 

H 









24 

L 







9.2 

25.6 

- 




1 .344 



9.2 

27.9 

25-29 

H 







- 

- 

30 

L 







8.8 

28.3 

31-35 

H 







- 

- 

36 

L 




1 



8.8 

27.5 





1 .482 



9.8 

31.2 

37-41 

H 







- 

- 

42 

L 







8.8 

31.1 

43-47 

H 







- 

- 

48 

L 







8.9 

31.3 

48a* 

L 

1 

|r 

1 







i - 


♦Run 48a was a repeat of Run 48. after a brief shutdown to change reels of magnetic tape. 
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TABLE 3-4 


SEAL INSPECTION SUMMARY 


Seal Set 
Number 

Outboard Ring 
S/N 

Inboard Ring 
S/N 

Runner 
S/N Material 

Pre-Test 
Condi t i on 

Post-Test Condition 

1 

106302 

10B306 

078303 

Inconel 718 with 
tungsten carbide 
coat i ng . 

A 1 1 new parts . 

Both seal rings intact. Outboard 
ring had moderate surface wear. 
Inboard had no wear. Runner had 
numerous heat cracks and some 
delamination of coating. 

2 

108304 

108308 

G78302 

Inconel 718 with 
tungsten carbide 
coating. 

A 1 1 new parts . 

No wear on seal rings nor runner. 
Very slight deposit of carbon 
graphite on axial seal lands of 
seal housing. 

3 

108305 

108301 

078302 

Inconel 7l6 with 
tungsten carbide 
coat i ng . 

New seal rings; 
runner from pre- 
vious test; no 
evidence of wear. 

Seal rings intact. Outboard ring 
had moderate wear while inboard 
ring showed none. Heat cracks 
and some delaminaticn on runner. 

4 

108301 
Integra 1 
Probes 

108302 

078304 (MTI ) 
Incone 1 718 with 
e 1 ect ro 1 i zed 
surface . 

A l 1 new parts . 

Outboard ring intact. Inboard 
ring had radial crack and showed 
moderate wear. Runner surface 
gal 1 ed and :rn. 
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Fig. 3-6 Zero Speed Seal Temperatures versus Pressure Drop - Seal Set No. 1 












FLOW (kg/s) 


.005 


.004 


.003 


r 

517.0 

DOWNSTREAM PRESSURE (KPa'. 

37.8 

UPSTREAM TEMPERATURE (defl C) 

1.956 

SEAL LENGTH (m) 

50.0 

SEAL DIAMETER (mn) 

0.0 

ECCENTRICITY RATIO 

1.0 

DISCHARGE COEFFICIENT 

2.07 E-08 

VISCOSITY (Pa-S) 

1.66 

ADIABATIC COEFFICIENT (galt*a) 

4.003 

MOLECULAR WEIGHT 


THEORETICAL DATA 


EXPERIMENTAL DATA 


(HALF TOTAL FLOW) 


SEAL SET N0.1 







SPEED - 3665-0 (rad/s) j 


4188. jo (rad/ 




57S8.5 (rad/s) 

I 


5235.0 (rad/s) 


2.0 (r4d/s) 


200 300 400 500 

PRESSURE 0R0P ACROSS SEAL (KPa) 


Fig. 3-7 Flow versus Pressure Drop - Seal Set No. 1 







SEAL SET NO. 1 
INIOARO SEAL 


SPEEE 



AUB.O (rad/a 

• 31*5.0 (rdd/a) 







3233. t (rad/a) 


47X25.0 (rad/a) 


PRESSURE DROP ACROSS SEAL (KPa> 


Fig. 3-8 Inboard Seal Temperature versus Pressure Drop - Seal Set No. 1 
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Fig. 3-10 Inboard and Outboard Seal 





























SPEED (raa/s) HELIUM SUPPLY PftESSURE (KPa, atw) 


SEAL SET NO. 2 


RUN NO. 3 


i 14 - 


RUN NO. 4 


10 

20 30 40 50 

60 70 80 90 100 110 

120 

130 140 150 



TIME (mfn) 



Fig. 

3-13 Second Day 

Pressure History - Seal 

Set 

No. 2 


SEAL SET NO. 2 




pN'T®Vr=HB 


: 




10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 

TIME (mfn) 


Fig. 3-14 Second Day Speed History - Seal Set No. 2 




























1500 


u> 

I 

Ul 

00 


ui 

n 

a 


a 

a 


LU 

OC 

3 

</> 

w 

LU 

or 

a 


a 

a 

3 

to 


X 

3 


LU 

X 


1400 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 - 


0 - 









LOW (kg/s) *-" flOm (kg/s) 


DOWNSTREAM PRESSURE IKW) 

upstream temperature (Mg o 

SEAL LENGTH (M) 
t;AL DIAMETER (Ml 
ECCENTRICITY MAT 10 
OUCH MICE COEFFICIENT 


2.07 E-01 VISCOSITY Of*) 


AOIAIATIC COEFFICIENT (g**M) 
MOLECULAR WEIGHT 
SPEED (PM/*) 

THEORETICAL OATA 
EXPERIMENTAL OATA 
SEAL SET NO. 2 
INOOARO SEAL 



100 200 300 400 500 S00 700 800 900 1000 1100 1200 1300 1400 

PRESSURE DROP ACROSS SEAL (KPa) 

•18 Inboard Seal Flow versus Pressure) Drop. Zero Speed - Seal Set No. 2 



’ - 1 i . 

5)7.0 

DOWNS TOE AM PRESSURE (KPt) 

37.1 

UPSTREAM TEMPERATURE (MO C) 

1.505 

SEAL LENGTH (Ml 

" 50.0 

SEAL DIAMETER (m) 

0.0 

ECCENTRICITY RATIO 

1.0 

DISCHARGE COEFFICIENT 

2.07 E-oa 

VISCOSITY (PM) 

- 1.60 

AOIAIATIC COEFFICIENT (giw) 

4.003 

MOLECULAR WEIGHT 

ZET- 

SPEED (PM/*) 


THEORETICAL OATA 


EXPERIMENTAL DATA 
SEAL SET NO. 2 
OUTIOARO SEAL 


I I ! 

... — ^ 

' „■ (.ASS' 

t 0 ^\ . ( 


T 

i vSS5^ ! 





0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 

PRESSURE DROP ACROSS SEAL (KPa) 
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Fig. 3-20 Zero Speed Seal 
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Fig. 3-22 Inboard Seal Temperature versus Pressure Drop - Seal Set No. 2 
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Fig. 3-24 Outboard Seal Flow, 310 kPa Drain Pressure - Seal Set No. 
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Fig. 3-27 Outboard Seal Temperature, 103 kPa Drain Pressure - Seal Set No. 2 
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Fig. 3-37 Inboard Seal Flow versus Pressure Drop - Foal Set No. 3 
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Fig. 3-39 Outboard Seal Flow, 517 kPa Drain Pressure - Seal Set No. 3 
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Fig. 3-40 Outboard Seal Flow, 310 kPa Drain Pressure - Seal Set No. 3 
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Fig. 3-41 Outboard Seal Flow, 103 kPa Drain Pressure - Seal Set Ho. 3 






MPERA 



SPEED -i 3665 Krad/s} 


4118 (rad/s) 


4212 (rad/s) 


SEAL SET NO. 3 
OUTBOARD SEAL 

DOWNSTREAM PRESSURE - 310.2 (KPa) 


30 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 

PRESSURE DROP ACROSS SEAL (KPa) 


Fig. 3-42 Outboard Seal Temperature, 517 kPa Drain Pressure - Seal Set No. 3 
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Fig. 3-43 Outboard Seal 
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Fig. 3-44 Outboard Seal Temperature, 103 k.Pa Drain Pressure - Seal Set No. 3 
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Fig. 3-49 Flow His 
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Seal and Runner Motion 
Seal Set No 2 at 4188 rad/s 

• 862 kPa Supply Pressure 

• 517 kPa Otb Drain Pressure 
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Fig. 3-56 

Seal and Runner Motion 
Seal Set No 2 at 4712 rac s 

• 938 kPa Supply Press^e 

• 517 kPa Otb Drain Pressure 
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Seal and Runner Motion 
Seal Set No 3 at 3665 rad/s 

• 1206 kPa Supply Pressure 

• 310 kPa Otb Drain Pressure 
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Seal arid Runner Motion 
Seal Set No 4 at 3665 rad's 

• 827 kf a Supply Pressure 

• 517 kPa Otb Dram Pressure 
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Fig. 3-64 

Seal and Runner Motion 
Seal Set No 4 at 4186 rad/s 

• 827'kPa Supply Pressure 

• 517 kPa Otb Dram Pressure 
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• 827 kPa Supply PressMie 

• 517 kPa Otb Dram P'essure 
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Seal and Runner Motion 
Seal Set No 4 at 5759 rad' s 

• 724 kPa Supply Pressure 

• 517 kPa Otb Dram Pressure 
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Fig. 3—75 Und.imaged Seal; Outboard Ring - Seal Set No. 2 
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Fig. 3-78 Damaged No. 2 Runner; Inboard Left, Outboard 
Right - Seal Set No. 3 



Fig. 3-79 Magnified View (X11.5) of Damaged No. 2 Runner 
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Fig. 3-80 Damaged SeaL; Inboard Ring - Seal Set No. 4 
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Fig. 3-81 Damaged No. 3 Runner; Inboard Left, Outboard Right - 
Seal Set No. 4 


l : 




ORIGINAL PAGE IS 

QE POOR QUALITY L. 

L 

• r, i 


3-102 


Seal Temperature Flow Seal Temperature Flow 



(a) 



(c) 




(b) 



(d) 


L 





Supply Pressure 


(e) 


(f) 


Fig. 3-82 Parametric Variations as a Function of Pressure 
Drop and Supply Pressure 
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4.0 ANALYSIS AND DESIGN OF RAYLEIGH-STEP , HELIUM BUFFER SEALS 

4.1 Operating Conditions 

The principles of operation and general geometry were presented in Section 
2.0. Additional details concerning performance and theoretical development 
are included in References [2], [6], and [7]. 

Refer to Table 1-1 for the geometric and operational parameters. The surface 
speed of 183 m/s (600 fps) and the buffer fluid pressure of 1379 kPa (200 psia) 
are two conditions that extend the state of the art. 

The properties of helium as a function of pressure and temperature p: re indi- 
cated on Table 4-1*. The analysis used the helium viscosity and density at 
37.8°C (100°F) and at pressures of 1379, 689, and 344 kPa (200, 100, and 50 
psia), with ambient (101 kPa/14.7 psia) downstream pressures. As indicated on 
Table 4-1, helium gas viscosity varies only ±6% from the value of 37.8°C 
(100°F) and is independent of pressure. Also the density varies only ±10% 
from the value" of 37.8°C (100°F) and is proportional to pressure. 

4.2 Design Considerations 

When designing hydrodynamic gas-lubricated floating-ring seals, there are 
several important considerations. First, the hydrodynamic forces that are 
generated when the rings go eccentric with the shaft must be sufficient to 
overcome the friction forces between the rings and the stationary walls. This 
is necessary to maintain the rings concentric with the shaft. 

To minimize leakage, the operating film thicknesses must be relatively small. 
Small film thicknesses are also necessary to provide high fluid-film stiffness 
which is desirable for causing the rings to follow shaft excursions. 


♦Tables are presented consecutively, beginning on page 4-17. 
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The clearances involved are generally smaller than centrifugal growth and 
thermal variations in clearance. Therefore, it is important to account for 
both centrifugal growth and thermal distortions in designing the seal. 

Finally, the seal rings must respond to shaft excursions and runouts without 
contact between the shaft and th - ' rings. This requires that dynamic analyses 
be conducted and dynamic response be carefully investigated. 

The analytical process that wa3 used in designing the seals was to: 

1. Optimize the Rayleigh-step geometry principally on the basis of 
fluid-film stiffness using steady-state fluid-film gas bearing theo- 
ry. 

2. Include the efforts of centrifugal and thermal variations in shaft 
and ring geometries in establishing predicted performance. These 
effects change the operating film thickness which is a sensitive 
parameter with respect to performance. 

3. Conduct dynamic response analyses to ensure that the rings follow 
shaft excursions without contact. 


A constraint imposed upon the design of these type seals is to keep the axial 
length as small as possible to minimize shaft length and not compromise rotor- 
dynamics of the shaft bearing system. In considering both the 30- and 20-mm 
seals, it was necessary to maintain the axial length of each ring within 
approximately 12.7 r "m (0.5 in.). This was considered practical number for 
incorporation into actual pump m/ -hinery. 

4.3 Analys i s and De sig n of th e 50- mi m Floating-R i ng Helium Purge Seal 


limizatx i Studies 


Initially, studies wer" made to determine the optimum Rayleigh-step geometry. 
The parameter optimized was the fluid-film stiffness, which is most important 
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to prevent shaft/ring contact. Figure 4- 1 * shows dimensionless stiffness as a 
function of the step cLearance/land clearance ratio. The step clearance 
includes the step height plus the film thickness above the step. The curve 
indicates that the step clearance should be 2.65 x the land clearance. The 
seal was designed for an operating land film thickness of 0.0127 mm (0.0005 
in.), so the step height should have a nominal value of 0.0210 mm. The stiff- 
ness values are fairly symmetrical about the optimum point so that the toler- 
ance range could be on either side of the optimum value. The actual step 
height selected was 0.0229 to 0.0254 mm (0.0009 to 0.001 in.), to allow for 
variations in actual operating clearances. These step dimensions provide good 
stiffness over a wide clearance range. 

Figure 4-2 shows the effects of the axial length ratio which is the step 
length/pad length ratio = Ll/L, as a function of dimensionless stiffness. 
This parameter is quite insensitive, although the optimum length ratio is 

0 . 66 . 


Figure 4-3 shows the effect of the circumferential length of the Rayleigh 
step. Over the range shown, it is an insensitive parameter, but the optimum 
ratio of step length/pad length is 0.82, which indicates that long steps are 
desirable. 

The step dimensions were optimized for concentric bearing stiffness. The 
dimensionless length, width, and depth of the step have the following optimum 
values : 


• Depth of step, step clearance/land clearance = 2.65 

• Axial extent of step, L gte p/Lp a< j = 0.b6 

• Circumferential extent of step, 0 . /9 , = 0.82 

step pad 

Studies were also made varying the total numbers of pads. Increasing the 
number of pads from 4 to 5 (while maintaining the same ratio of groove width to 
circumferential pad extent and the same step geometry) decreased the centered 


*Figures are presented consecutively, beginning on page 4-22. 
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stiffness by only 1Z, indicating that four pads yield fairly optimum fluid 
film performance. The four-pad geometry was selected. Figures 2-1 and 2-2 
indicate the nominal dimensions used. 


4.3 .2 G eneral Co n figu ra tion and D esign 

Figure 4-4 indicates a developed view of the inner surface, including the 
hydrodynamic geometry and also shows the end wall contact surface region in 
larger scale. The contact surface was maintained as small as practical (0.762 
mm) (0.030 in.) and as close to the shaft as possible to reduce the maximum 
thrust loading on the seal rings. 

Figure 4-5 shows the installation of the rings in the seal tester. What is to 
bn particularly noted is the diameter of the seal runner which is considerably 
larger than the shaft diameter used in the experimental rig. The shaft size 
is approximately 30 mm (1.18 in.) in diameter while the runner size is 
required to be 50 mm (1.97 in.) in diameter. Examination of this figure indi- 
cates that centrifugal growth of the seal runner will be significant. The 
seal runner configuration was designed to provide equal distribution of the 
centrifugal growth without causing closure at the ends of the runner. 

Figure 4-6 indicates what centrifugal growths will do to the runner at the 
maximum operating speed of 7330 rad/s (70,000 r/min). It will expand radial- 
ly, approximately 11.43 pm, with slight variations at the end 11.88 pm). The 
end closures are inconsequential and confirm the advantage of the taper, T, 
configuration employed. The total radial expansion, however, is of the same 
order of magnitude as the film thickness, thus manufacturing and installation 
dimensions must be large enough to accommodate the runner growth or clearance 
closure. The runner was shrunk over a flexure which could compensate for 
increase in the inside diameter of the runner due to centrifugal expansion. 

The dimensions of shaft and ring indicated on Figure 4-5 were selected to 
provide near optimum clearance at the operating condition considering the 
effects of both thermal contraction and centrifugal growth, respectively. 
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The seal rings were made entirely of carbon (i.e., no metallic bands) to 
enhance dynamic response characteristics (Pure Carbon P5N). The runner was 
made of Inconel 718 for strength purposes and coated with a layer of tungsten 
carbide with a chromium binder. The ring mating housings were Inconel 600. 

The final seal detail drawings were completed by the seal manufacturer, Stein 
Seal Company of Philadelphia, Pa. Figure 4-7 shows the assembly drawing of 
the seal and housings. Figure 4-8 shows a detail drawing of the outboard seal 
ring. A photograph of one set of seal rings was previously shown on Figure 
2-3. 

4.3.3 Fluid-Film Performanc e 

Fluid-film performance was initially established using a nominal radial 
clearance of 12.7 Mm and correcting for centrifugal growth of the shaft 
sleeve. Subsequently, larger clearances were examined to allow for variations 
in clearance due tn tolerances and to thermal contractions of the sleeve. 
Figure 4-9 shows the variation in concentric seal clearance due to centrifugal 
expansion of the sleeve as a function of shaft speed, presuming a 12.7 Mm 
operating clearance at the maximum speed (7330 rad/s) (70,000 r/min) condi- 
tion. The assembled radial clearance is approximately 29 Mm to attain a 12.7 
Mm clearance at operating speed. This assembled clearance does not account 
for thermal contractions. It was subsequently found that the installed clear- 
ance should be as small as possible, to achieve an operating clearance of 
approximately 12.7 Mm, because thermal contractions of the runner had a stron- 
ger influence than centrifugal growth. 

Figure 4-10 shows the fluid-film force developed in a seal ring versus eccen- 
tricity ratio at three different helium pressure levels, 344, 689, and 1379 
kPa (50, 100, and 200 psia). Superimposed on these curves, are frictional 
resistance forces between the floating rings and the stationary housing. The 
radial clearar was 12.7 Mm. The results indicate that maximum frictional 
resistance can be overcome by hydrodynamic forces at high-speed operation. It 
also indicates that at 1379 kPa (200 psia) buffer pressure, low-speed hydrody- 
namic forces will not overcome frictional resistance. At maximum speed of 
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7330 rad/s (70,000 r/min) and maximum butter pressure of 1379 kPa (.’00 psia), 
an eccentricity ratio of approximately 0.65 i3 necessary to overcome the maxi- 
mum frictional resistance of approximately 42.3 N (9.5 lb). Table 4-2 shows 
the effects of radial clearance on the seal '3 ability to overcome frictional 
resistance . 

The tabulated values of eccentricity ratio and minimum film thickness are 
necessary to produce sufficient hydrodynamic forces to overcome the maximum 
friction forces at each of the buffer fluid pressures indicated. The results 
clearly indicate the superior performance at the low clearance condition of 
12.7 pm. At the high buffer fluid pressures, the low clearance installation 
produces the higher minimum film thickness. At a 25.4 pm radial clearance, 
the seal would not adequately overcome frictional resistance at a buffer pres- 
sure of 1379 kPa (200 psia). 

Viscous power loss for a single ring as a function of speed and pressure is 
indicated on Figure 4-11. At maximum speed and pressure the total power loss 
is approximately 85 W. 

Seal leakage, on the basis of laminar flow without inertia drop losses, is 
shown on Figure 4-12. A reduction in leakage with speed occurs because the 
centrifugal runner growth causes closure of the clearance as the speed 
increases. At 7330 rad/s (70,000 r/min) with an operating clearance of 12.7 
pm, the seal leakage (single ring) is 0.908 x 10 - ^ kg/s (11.5 scfm). The 
leakage values on Figure 4-12 assume concentric operating clearance (i.e., the 
rings are centered with respect to the shaft). The leakage increases approxi- 
mately 40% from concentric to full eccentric operation. 

Testing indicated that seal leakage was lower than predicted. Modifications 
were made to the analysis to includ inertia effec. at the seal dam inlet and 
in the film itself. The analysis to accomplish this is described in Appendix 
A. Correlation between experiment and theory was then significantly improved. 

Figure 4-13 shows fluid temperature rise as a function of speed and pressure. 
These curves assume all heat generated by viscous friction is absorbed by the 
flow leaking through the clearance annulus; heat transferred to the shaft is 
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not accounted for. Therefore, the temperature ri.'iu'J indicated on figure 4-13 
are exaggerated. Since flow increases with buffer pressure, the temperature 
rise is an inverse function of buffer pressure and will be lower as the pres- 
sure increases. The results indicate that high-speed, low-pressure operation 
is to be avoided. Table 4-3 indicates maximum operating speed as a function 
of buffer pressure to limit the temperature rise to 22°C (39.6°F), which can 
be considered a maximum safe value. The values of flow used in the temper- 
ature rise computations were based on viscous laminar theory without inertia. 
When inertia effects are included, there is a flow reduction which would 
result in a proportional increase in temperature rise. This increase in 
temperature rise was one of the contributing factors to clearance closure that 
was experienced by the inboard ring of seal No. 4. 

4 ,3,4 Thermal Analy sis 

The model for the thermal analysis is shown on Figure 4-14. The four signif- 
icant modes are 6 and 7 for the two rings and 9 and 10 for the runner. Rela- 
tively hot helium enters the space between the two rings and flows inboard and 
outboard through the annular clearance between the rings end rotating collar. 
On the inboard side near node 9, the collar is cooled By the LOX escaping from 
the bearing, while on the outboard side near node 10, helium at much higher 
temperature escapes. The analysis considered 0.0018 kg/s (22.74 scfm) of 
helium entered the buffer chamber at an inlet temperature of 21°C (69.8°F) and 
that approximately 90 W of heat was generated at the fluid-film interface. 
Studies were made to establish the sensitivity of varying parameters. Table 
4-4 lists the cases that were run on the computer and the results obtained. 

The table indicates that the resulting temperatures are not very sensitive to 
the values of the heat transfer coefficients used. 

Seal operating film thicknesses have been calculated using various values of 
installed clearance and accounting for centrifugal growth and thermal 
effects. Recommended dimensions are indicated on Table 4-5. The following 
nomenclature applies: 
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^ring ~ ID of Che .seal ring 
Dghafc 3 OD ( Che shaft runner 
Cq - Assembled radial clearance 

Cq* = Radial clearance including centrifugal growch of shaft 

C()" = Running radial clearance including centrifugal and 

thermal growth 


Each set of three consecutive lines in the table corresponds to the maximum, 
average, and minimum clearance of the tolerance range. These calculations of 
running clearance used the following data: 


• Radial growth of shaft runner at 7330 rad/s (70,000 r/min): 
11.43 urn 

• Mean coefficient of thermal expansion of carbon graphite: 
5.58 x 10~ 6 /°C (3.1 x 10" 6 /°F) 

• Mean coefficient of thermal expansion of Inconel 718: 

12.78 x 10 _6 /°C (7.1 x 10~ 6 / Q F) at 21°C (69.8°F) 

10.62 x iO" 6 /°C (5.9 x 10~ 6 /°F) at -196°C (-320. 8°F) 


The difference in operating clearances on Table 4-5 are due to differences in 
nominal ring and shaft dimensions. The middle line corresponds to nominal 
size with tolerance variation indicated above and below. Table 4-5 also indi- 
cates recommended final dimensions to account for both centrifugal and thermal 
growths . 

The results clearly indicate that the assembly clearance be 5 to 8 Urn (as 
small as possible for assembly without requiring an interference fit). That 
is, the dimension of the ring ID should be 50.02022/50.0253 mm (1.9693/1.9695 
in.), while that of the shaft runner OD should be 50.00598/50.01006 mm 
(1.9693/1.9689 in.). The running seal clearances are then reduced to 11.176 
and 25.4 pm on the air and LOX sides, respectively. In the final design, it 
was necessary to compromise further for manufacturing purposes. The outboard 
seal ring was designed for higher clearance than the inboard seal ring, since 
thermal effects would cause increased clearance on the inboard ring. The 
final clearances employed are discussed in Section 2.0. 
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4^3.5 Seal Ring Dynamic Response 

Because of high fjurtace speeJs and low operating film thickness, it wa <; impor- 
tant to investigate dynamic response and to design a system that avoids 
rubbing contact. A time-transient nalysis was employed, whereby time is 
discretized into small increments. At. each increment fluid-film and friction 
forces are examined to determine net forces on the ring. These forces can 
then be inserted into the equations of mm ion to establish ring motion for 
that time increment. Thu3, a time history of ring movement is provided as a 
function of shaft excursions. If frictional forces exceed fluid-film forces 
at any instant of time, ring motion is curtailed. 

Studies indicated that for any particular eccentricity ratio, the fluid-film 
force did not vary strongly with angular position and using a constant value 
would produce accurate results. This was done in the computer analysis, but 
the conservative or the lowest values of film forces were used for each eccen- 
tricity ratio. Figure 4-15 shows typical fluid-film force curves that were 
applied in the program. Shown are the radial component (along the line of 
centers) and the tangential component (normal to the line of centers) as i 
function of eccentricity ratio at the 1379 kPa (200 psia), 7330 rad/s (70,000 
r/min) operating condition. Note the tangential component i3 small. 

Force information was interpolated in the computer code, so that knowing the 
shaft location produced the normal and tangential forces required. Similar 
information was produced at other pressures and speeds. 

A shaft orbital radius of 2.5-- Urn simulates anticipated test conditions. 
However, much larger orbital amplitudes were also examined to establish an 
adequate "factor of safety" with respect to dynamic response. 

Figure 4-16 shows a typical orbital response case when the shaft runout is 
7.62 pm, operating at 7330 rad/s (70,000 r/min) and 1379 kPa (200 psia) buffer 
fluid pressure. The starting position was with the seal ring concentric with 
the shaft. The ring settles into a rectangular shaped orbit with a maximum 
eccentricity ratio of 0.625. The eccentricity and orbit indicated are rela- 
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i i vp 1.0 the shaft, and r h« r 1 naranc.c circle, be two. on tin 1 out. side <■ i rein and 
t ho orbit; is tin*, clearance seen by an observer riding on the shaft.. 

Figure 4-17 shows a case at .345 kPa absolute (50 psia) butter pressure at a 
shaft; speed of 2094 rad /3 (20,000 r/min). At. the lower speed condition hydro= 
dynamic forces and stiffness are relatively low, so that tin; ring can be 
expected to respond rather sluggishly to shaft motions. This is demonstrated 
by the case shown on Figure 4 17. In this instance, the shaft radial runout, is 
0.0102 mm (0.0004 in.). The starting position was at a shaft eccentricity 
ratio of 0.95. The ring moved slightly more concentric, and then maintained 
its position without further motion. The shaft is moved eccentrically within 
the clearance circle at its prescribed eccentricity ratio of 0.8. Basically, 
at these conditions film stiffness wa3 insufficient to center the ring and 
permit it to follow shaft motions in a nearly concentric position. For this 
case, the 345 kPa absolute (50 psia) .offer pressure will not produce high 
friction forces; therefore, at higher pressure levels the seal ring will 
continue to remain stationary. 

Figures 4-18 and 4-19 show response at low speed and relatively high pressure 
conditions so that friction forces dominate. The orbital relationship between 
the shaft and ring is erratic and complex with reverse loops involved with 
each cycle . 

Studies were also made of composite rings where an Inconel ring was shrunk 
around the outer periphery of the carbon ring. This was done to produce more 
uniform thermal distortions between the rings and shaft. The added mass of 
the composite rings, however, caused contact failure due to excessive inertial 
accelerations that would not permit the rings to move in unison with the 
shaft. A typical case is shown on Figure 4-20. Contact occurs before an orbit 
can be completed. Thus, it is important to keep Che ring massas low as possi- 
ble, and integral carbon rings without metal shrouds are necessary for 
adequate dynamic response. 

Table 4-6 summarizes the operating conditions and results of the dynamic 
response computer runs. The variables included shaft eccentricity or runout, 
operating clearance, buffer fluid pressure and speed. The orbit eccentricity 
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is Che maximum eccentricity of Che .'esulcing steady-state orbit of the ring. 
The minimum film thickness, hx, was the minimum vulue experienced during the 
orbital response. Potential problem areas, where minimum films are becoming 
dangerously small or are negative, are underlined. The 1379 kPa (200 psia), 
7330 rad/s (70,000 r/min) condition is considered acceptable; it might be a 
marginal problem at very high shaft runouts, which were not anticipated to 
occur. In fact, they did occur and caused failure of Seal Set Ho. 1. 

Figure 4-21 shows the effects of /arying the shaft runout. Note that at a 2094 
rad/s (20,000 r/min) and 344 kPa (50 psia) buffer pressure, the eccentricity 
ratio is becoming very high and is an operating condition that should be 
avoided. In this instance, inertia-dominated motions of the ring are overcom- 
ing the friction retardation forces and the fluid-film stiffness capacity. At 
70,000 rad/s (7330 r/min) and 1379 kPa (200 psia), the limit cycle is well 
controlled even with a high shaft eccentricity of 12.7 Urn. An overall summary 
plot is shown on Figure 4-22. It is a plot of maximum transient orbital eccen- 
tricity ratio versus shaft vibration or runout orbit for varying types of 
rings (solid carbon or composite carbon and metal) ac different pressure 
conditions. Composite rings are sometimes used to more nearly equalize ther- 
mal expansions between the rings and shaft. The operating speed is 7330 rad/s 
( 70,000 r/min) . 

Note that the composite carbon/Inconel rings have significantly less toler- 
ance to shaft orbit than do the solid carbon rings. Note also that higher 
pressure and consequently higher frictional forces are beneficial (at high 
operating speeds) because the friction forces prevent excessive inertial 
response of the rings. Thus, there are really two limiting conditions 
concerned with ring design. First, the fluid-film forces should be great 
enough to overcome frictional resistance to ensure against contact, and 
second, there should be sufficient friction to prevent inertia dominated 
motion of the ring that could cause contact under high-speed conditions. 

All of the dynamic discussion thus far has presumed an operating radial clear- 
ance of 12.7 Um. Because of the difficulty of obtaining this clearance 
precisely, due to manufacturing tolerances, centri fugal . growth and thermal 
contractions, studies were also made at varying clearances. The dominating 
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influence is the thermal effects which causes a reduction in shaft diameter 
and an opening of the clearance. Thus, several computer runs were made at 
25. A Mm radial clearance or twice the designed clearance. 

The principal result was that the rings are forced into a concentric position 
without contact, and they remain fairly stationary in that position with shaft 
orbits inside the clearance volume. Operation at larger clearances is safe 
from a dynamic standpoint. 

4.3.6 Summary of Results and Conclusions of Analytical Studies 

Performance at a design clearance of 12.7 Mm is very good and can satisfy all 
requirements. Also, performance will be satisfactory over the tolerance range 
specified. The two limitations on performance are as follows: 

1. Insufficient hydrodynamic forces to overcome friction forces - a 
low-speed, high-pressure constraint 

2. Insufficient frit cion to counteract inertia forces - a high-speed, 
low-pressure constraint. 

Figure 2-4 showed an operating range map seal that accounts for al I 
constraints. If the pressure follows a speed squared relationship to a maxi- 
mum of 1379 kPa (200 psia) at 7330 rad/s (70,000 r/min), it is expected that 
seal performance will be satisfactory. 

Centrifugal runner growth and thermal contractions significantly affect oper- 
ating clearances and they must be considered in performing the analysis. 
Centrifugal forces on the runner tend to close the clearances while thermal 
contractions tend to open the clearances. Thermal effects have the stronger 
influence, requiring installation clearances to be as small as practical (10.2 
- 22.9 Mm diametral clearance). 

Low mass rings are necessary to dynamically track runner excursions. The 
ring3 should be made of carbon without composite metallic rings on the outer 
circumference. 
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4 . 4 Ana lysis and Desi gn of t he 2 0-mm Floa ting-Rin g Heliu m Pu rge Seal 
4.4. l Genera l Confi guration and Op erat ing C o nditions 

The general configuration of the 20-mm helium purge seal is shown on Figure 
4-23. A separate shaft would have been used for testing of the 20-mm design 
and the buffer rings were Intended to mate directly against the shaft. In 
other respects, the design is very similar to the 50-mm with a porportional 
size reduction. The optimization parameters were the same as for the 50-mm 
design. 

The 20-mm seal was constrained in surface speed by limitations on the maximum 
operating s^ued of the test rig. The maximum design speed of the rig is 10,472 
rad/s (100,000 r/min). A 20-mm shaft rotating at 10,472 rad/s (100,000 r/min) 
will produce a surface speed of 105 m/ s (344 ft/s) which is only 57% of the 183 
m/ s (600 ft/s) specified. Limitations on surface speed also limits hydrody- 
namic force generation, which in turn limits the buffer fluid pressure or 
allowable friction force at the contact interface. It appears that the abso- 
lute maximum pressure would be 68'). 5 kPa (100 psia) and the allowable pressure 
will further reduce as speed decreases. 

Another factor concerned with the 20-mm seal is centrifugal growth of the 
runner will be negligible. This is due to the runner of the 20-mm seal being 
inregral with the shaft, and because of limitations on the maximum shaft 
surface speed. 

Although the 20-mm seal is si.gnificant.ly smaller than the 50-mm seal, the 
nominal operating clearance of 0.0127 mm (0.0005 in.) remains the same, 
because this was considered to be the smallest practical value for safe opera- 
tion. 

4 .4.2 FI uid -F i 1m Perfor mance 

Figure 4-24 shows the fluid-film forces as a function of the eccentricity 
ratio and operating speed. The effects of buffer pressure art. Indicated, but 
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variations in hydrodynamic fluid-film force due to this parameter are practi- 
caLLy insignificant. The maximum speed examined was 10,472 rad/s (100,000 
r/min), which is the limit of the test rig. Superimposed upon this curve are 
the contact friction forces at 689.5 kPa (100 psia) and 344.7 kPa (50 psia) 
buffer fluid pressure levels. At a buffer pressure of 1379 kPa (200 psia), 
there is insufficient hydrodynamic capability t;o overcome the contact fric- 
tion force. Maximum load capacity at 10,472 rad/s (100,000 r/min) is approxi- 
mately 13.34 N (3 lb), which occurs au an eccentricity ratio of slightly over 
0.9. To provide a reasonable safety margin the maximum buffer was designed to 
be 689.5 kPa (100 psia) which would require an eccentricity ratio slightly 
below 0.8, or a minimum film thickness of approximately 0.0025 mm (0.1 mils) 
to move the ring into a concentric position. 

Figure 4-25 indicates what occurs if the buffer fluid pressure is increased as 
the square of the speed, the anticipated method of bringing the test rig up to 
speed. Two pressure-speed curves are shown, one for a 345 kPa (50 psia) pres- 
sure at 10,472 ra d/a (100,000 r/miri) and one for a 689 kPa (100 psia) pressure 
at 10,472 rad/s (100,000 r/min). For the 345 kPa (50 psia) situation, the 
eccentricity ratio remains safely between 0.5 and C.,5. For the 689 kPa (100 
psia) case, the eccentricity ratio will exceed 0.75 at approximately 6597 
rad/s (63,000 r/min), and as indicated on Figure 4-25 will approach 0.8 before 
it overcomes the anticipated friction force. This will probably be an accept- 
able situation, because the ring moves to a concentric position after the 
iriction force is overcome. 

Figures 4-26 and 4-27 show the effects of clearance variations on ring load 
capacity. Figure 4-26 is tor a constant operating speed of 10,472 rad/s 
(100,000 r/min). Mote the significant decrease in load capability as the 
clearance is increased. At a clearance of 0.0191 mm (0.00075 in.), the maxi- 
mum allowable pressure is more like 345 kPa (50 psia) rather than 689 kPa (100 
psia). At a clearance of 0.0254 mm (O.^Ol in.), a maximum pressure of 206.8 
kPa (30 psia) appears to be appropriate. Figure 4-27 indicates fluid film 
load capacity as a function of speed and eccentricity at a clearance of 0.0254 
mm (1 mil). This curve demonstrates that it is necessary to operate at low 
pressure levels to overcome friction at high clearance conditions. 
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Anticipated Leakage flow through one ring is shown on Figure 4-28. This curve 
applies an eccentricity ratio of 0.5. At the helium pressure levels that 
the rig wiLl operate at 689 kPa (100 psia), the leakage is only 0.000118 kg/s 
(0.00026 Ib/s). At a maximum pressure level of 889.6 kPa (200 psia), the 
leakage is 0.000363 kg/s (0.0008 lb/s). If the clearance is double, the flow 
will increase by a factor of 8, so that it will increase to approximately 
3.000908 kg/s (0.002 lb/s) at 689 kPa (100 psia). This assumes laminar 
viscous flow. The actual flow will be less when account is taken of inertia 
effects at entrance and in the film, as was done for the case of the 50-mm 
seal. Leakage as a function of eccentricity ratio is shown on Figure 4-29. 
From fully eccentric to fuLly eccentric, the leakage increases by a factor of 
1,7. 


Figure 4-30 shows power loss as a function of speed at an eccentricity ratio 
of 0.5. The power loss is approximately 12 W at 10,472 rad/s (100,000 r/min). 
Fluid temperature rise is shown on Figure 4-31. As with the 50-mm design, 
this curve was based on the assumption that all the heat goes into the flowing 
fluid, while in reality a good deal of it will be transferred into the cool 
shaft. High temperatures are predicted for the low-pressure, high-speed 
conditions where there is high heat generation and low flow. 


4.4.3 Dynamic ; esponse 

Rotor dynamic studies indicate maximum shaft amplitudes will probably be less 
than 0.00254 mm (0.0001 in.). 

Figure 4-32 shows the radial and tangential force magnitudes of the fluid film 
obtained from the steady-state computer code, as a function of eccentricity 
ratio. These values were interpolated for use in the dynamic computer code. 

A spectrum of response computer runs were made over a range of varying pres- 
sures, speeds and ring clearances. They are summarized on Table 4-7. Exam- 
ination of the table indicates acceptable response except at high shaft 
runouts, E s , .low pressures, P Q , anu relatively high operating speeds and at 
high runouts, low speed, and high pressures. Problem situations are under- 



lined. At high-speed, low-pressure conditions, ring inertia forces predomi- 
nate over the retarding friction force so that the seal ring runs away around 
the shaft and ultimately contacts. These are operating conditions which are 
to be avoided. 

Figures 4-33 and 4-34 graphically display the summary results with a shaft 
runout of 0.00254 mm (0.0001 in.). Figure 4-33 shows that the limit cycles 
become larger as speed reduces and as pressure increases. This indicates a 
degradation of the hydrodynamic capacity to permit low amplitude or concentric 
response with the rotating shaft. In all cases, however, there was sufficient 
capacity to prevent contact between the ring and shaft. Figure 4-34 shows a 
cross-plot with pressure as the abscissa. Again the plot clearly shows the 
higher amplitudes at the lower speeds and higher pressure conditions. 



TABLE 4-1 


PROPERTIES OF HELIUM 


Temperature 

<°C) 

Pressure 

(kPa) 

Mass Density 
(kg/m 3 ) 

Viscos: 

(MPa- 

10 

-1379 

2.34 

19.4 

10 

689 

1.17 

19.4 

10 

344 

0.58 

19.4 

37.8 

1379 

2.13 

20.7 

37.8 

689 

1.07 

20.7 

37.8 

344 

n c o 

U « J J 

20.7 

65.6 

1379 

1.96 

21.9 

65.6 

689 

0.98 

‘ 21.9 

65.6 

344 

0.49 

21.9 
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TABLE 4-2 


REQUIRED ECCENTRICITY AND FILM THICKNESS 
TO OVERCOME FRICTIONAL RESISTANCE 


Buffer 

Pressure 

(kPa) 

Maximum 

Frictional* 

Force 

(N) 

Radial 

Clearance 

Co 

(lim) 

Eccentricity 

Ratio 

(e) 

Minimum Film 
Thickness h m £ n 
(Um) 

1379 

42.26 

12.7 

0.6 

5.08 

689 

21.13 

12.7 

0.35 

8.26 

344 

10.59 

12.7 

0.17 

10.54 

1379 

42.26 

19.05 

0.87 

2.49 

689 

21.13 

19.05 

0.60 

7.62 

344 

10.59 

19.05 

0.32 

12.95 

1379 

42.26 

25.4 

0.99 

0.254 

689 

21.13 

25.4 

0.76 

6.10 

344 

10.59 

25.4 

0.48 

13.21 

’•'Coefficient of Friction 

= 0.2 




TABLE 4-3 

MAXIMUM OPERATING SPEED FOR AT = 22 °C 


Buffer Pressure 
(kPa) 

Speed 
( rad/ s ) 

344 

5,131 

689 

6,283 

1379 

7,330 
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TABLE 4-4 


RESULTS OF 50-MM THERMAL ANALYSIS 


He Inlet 


Case No. 

Temperature 

( °c) 

6 

Node Temperature 
7 9 

( °c) 
10 

Remarks 

1 

21 

-9.8 

-10.3 

-41.4 

-92.1 

Base case 

2 

21 

-9.8 

-10., 3 

-40.4 

-90.3 

Recalculated 
He-Fluid veloc- 
ity 60% of 
runner speed. 

3 

21 

-9.8 

-10.3 

-42.6 

-95.1 

Same as Case 2 , 
but all h c 1 s 


doubled . 


TABLE 4-5 

RECO MMENDED DIMENSIONS ACCO U NTING FOR 
CENTRIFUGAL GROWTH AND THERMAL" CONTRACTIONS 


^ring ^shaft C 0 

( Mm) ( Urn) (_Mm) 


50.02430 50.00498 10.16 
50.02276 50.00752 7.62 
50.02002 50.01006 5.08 


50.02530 50.00498 10.16 
50.02276 50.00752 7.62 
50.02002 50.01006 5.08 


T shaf t 

ro 


C 0 ’ 

(lim) 

r " 
u o 

(Mm) 

Air Side 




-41.44 

-9.83 

-1.27 

13.72 

-41.44 

-9.83 

-3.81 

11.20 

-41.44 

-9.83 

-6.35 

8.66 

LOX Side 




-92.11 

-10.28 

-1.27 

27.97 

-92.11 

-10.28 

-3.81 

25.45 

"92 . 11 

-10.28 

-6.35 

22.91 


TABLE 4-6 


50-MM SEAL TRANSIENT ANALYSIS: SUMMARY OF RESULTS 






Orbit 

Mini mum 


Shaft 

Pressure , 


Eccentricity 

Film 

Clearance, C Q 

Eccentricity 

Pq 

Speed, N 

Ratio 

Thickness 

(Mm) 

( Mm) 

(kPa) 

(r-'d/ s) 

(e) 

(Mm) 

12.7 

2.54 

1379 

2094 

0.63 

4.7 



1379 

3142 

0.64 

4.6 



1379 

5236 

0.26 

9.4 



1379 

7330 

0.24 

9.7 



689 

2094 

0.46 

6.9 



689 

3142 

0.28 

9.1 



689 

5236 

0.25 

9.5 



689 

7330 

0.22 

9.9 



344 

2094 

0.26 

9.4 



344 

3142 

0.24 

9.7 



344 

5236 

0.22 

9.9 



344 

7330 

0.25 

9.5 



172 

2094 

n r\ r\ 

U • 44 

9.9 


5 = 08 

344 

2094 

0.49 

6.5 



1379 

7330 

0.40 

7.6 


7.62 

1379 

7330 

0.63 

4.7 



344 

7330 

0.63 

4.7 



344 

2094 

0.62 

4.8 


10.16 

689 

7330 

0.43 

7.2 



344 

2094 

0.85 

1.9 



1379 

7330 

0.65 

4.4 


12 o i 

1379 

7330 

0.66 

4.3 

2.54 

10.16 

517 

7330 

0.44 

1.4 


448 

7330 

0.42 

1.5 

344 

7330 

1.02 

-0- 

379 

7330 

0.43 

1.4 

344 

2094 

0.85 

3.8 


12.7 

689 

7330 

0.52 

1.2 


1379 

7330 

0.60 

1.0 


517 

7330 

0.60 

1.0 


482 

7330 

0.58 

1.1 
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TABLE 4-7 


20-MM SEAL TRANSIENT ANALYSIS: SUMMARY OF RESULTS 


Weight of Ring - 0.0146 kg (0.0322 lb) 
Coefficient of Friction, |i = 0.2 


Clearance 

Co 

(mm) 

Shaft 

Eccentricity, 

s B 

(pm) 

Pressure, 

Po 

(kPa) 

Speed , 
N 

( rad/ s ) 

Orbit 

Eccentricity 

Ratio 

(e) 

Minimum Film 
Thickness , 

h M 

(pm) 

12 

.7 

2. 

54 

345 

10,472 

0.231 

9.65 





689 



0.225 

9.9 





1379 


i 

0.259 

9.4 





345 

7 > ' 

854 

0.220 

9.9 





689 


1 

0.204 

10.1 





1379 

i 


0.350 

8.26 





345 

5,: 

236 

0.221 

9.91 





689 



0.241 

9.65 





1379 

1 

f 

0.459 

6.86 





345 

2,' 

618 

0.238 

9.68 





689 



0.546 

5.77 



i 

i 

1379 



0. /35 

3.35 



7. 

62 

345 

i 


0.639 

4.57 





345 

5, 

236 

1.013 

-0- 





689 


h 

0.636 

4.62 





345 

7,i 

B54 

1.008 

-0- 





517 



0.615 

4.83 





689 



0.648 

4.47 





345 



1.05 

-0- 





517 



1.006 

-0- 



\ 

> 

689 



0.635 

4.51 

19 

.1 

2. 

54 

1379 



0.4113 

11.2 

1 



345 



0.270 

13.97 

25 

.4 



345 



0.312 

13.21 




r 

1379 


i 

0.364 

12.20 



7. 

62 

1379 

10, 

472 

0.55 

8.64 



5. 

08 

1379 

* 

0.508 

9.40 



7.62 

345 

7, 

854 

0.459 

10.4 




1 

345 

5, 

236 

0.490 

9.65 


r 

' 

r 

345 

2, 

618 

0.588 

7.87 


Dimensionless CentsneC Direct Seeing Stiffness 



Dimensionless Centered Bearing Stiffness 


.0246 

' * 1 

.0244 


.0242 


.024 


.0236 


.0236 

-- 

.0234 


.0232 


.023 

.... 

.0228 

... 

.0226 

... 

.0224 


.0222 

.022 

— i 


.62 











Fig. a-4 30— mm Rayleigh-Step Pad 
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Lox Seal Test Rig 

50-mrn HELIUM SEAL RUNNER 



Fig. 4-6 50-nun Helium Seal Runner Centrifugal Distortions 
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Fig. 4-7 50-mm Helium Purge Bushing Seal Asa 
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Maximum = 0 625 
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Fig. 4-19 50-mm King Orbital Response; 1379 kPa Absolute (200 psia) ; 

3142 rad/s (30,000 r/min); 0.0254 nun ( 0.0004 in.) Shaft Runout 
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Fig. 4-21 50 -mm King Response Versus Shaft Orbit 
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5.0 ANALYSIS AND DESICN OP SP I RAL-CR(X)VK LOX SEALS 


5 ■ I Genie ral Discuss ion 

The spiral-groove face aeal is a prime candidate for application to LOX turbo- 
pumps. It is a fluid-film seal that can effectively inhibit leakage and avoid 
rubbing contact that could cause catastrophic explosion failure in a LOX envi- 
ronment. As described in the introduction, the function of the LOX aeal is to 
aid in preventing leakage of LOX from the pump end of the machine. Require- 
ments and operating conditions were presented in Section 1.0. 

The most demanding requirements that extend the present state of the art 
include the high relative surface speed of 183 m/s (600 ft/s) and the high 
pressure of 5.17 MPa (750 psig) to be sealed. 

Originally, MTI examined a conventional type of spiral-groove seal that was 
labeled the straight-through design. The spiral grooves extended to the 
outside diameter and the fluid was pumped inward to a dam region at the inte- 
rior ID of the seal. Although excellent performance characteristics were 
predicted, the straight-through designs were ultimately abandoned because of 
the probability of vaporization in the flow path. 

The pressure-balanced concept selected was conceived by NASA/LeRC and recom- 
mended for the LOX turbopump application, because it obviated vaporization 
problems. Additional details concerning the analysis and design are presented 
in References [l] and [8], 

5 . 2 A na I yt ical A ppr oach 

The parametric studies necessary to optimize the seal design fall into three 
categories : 

1. Steady-state fluid— film performance 

2. Minimizing any detrimental effects of thermoelastic distortions 

3. Ensuring acceptable dynamic response to external excitations 
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In general, fluid-film geometry and performance are first optimized. Thermoe- 
lasttc distortions are checked to see that they do not significantly affect 
the fluid-film performance. Variations in materials and exterior geometry can 
be applied to reduce distortions. Finally, dynamic response is checked and 
mass and inertia properties of the seal ring varied to assure acceptable 
response . 

The fundamental reference for the spiral-groove analysis was the work done by 
E.A. Mui jdermann [9]. Laminar theory was subsequently expanded to include the 
effects of turbulence and inertia at sudden contractions in a manner similar 
to that described in References [6] and [lO], Elastic distortions were deter- 
mined using a theory modeled upon that described in Reference [l]. 

The computer code was written for spi ra l -groove geometry optimization and 
performance evaluation. The analytical procedure is summarized in Appendix A. 
The final computer code could: 

1. Optimize geometrical variables on the basis of stiffness, flow, or 
fluid temperature rise. 

2. Determine the operating film thickness as a function of sealed pres- 
sure and secondary seal diameter. 

3. Produce film thickness, power loss, circulating flow, leakage flow, 
fluid temperature rise in spiral-grooves and seal dam, axial and 
angular stiffnesses, natural frequencies, dynamic amplitude ratios, 
and thermoelastic distortions and stresses. 

5.3 Configura tion for t he 50-mm Seal 

The general groove geometry is shown on Figure 2-13. Note that deep and wide 
grooves are necessary to pump the highly turbulent fluid, because of its high 
effective viscosity. Table 2-2 defines the principal nominal dimensions of 
the pressure-balanced design. 
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The original MTI design layout drawing of the 50-mm pressura-'-ilanced seal, is 
shown on Figure 2-14. In the tost rig, it will be installed in a back-to-back 
configuration as shown on the bottom left corner of the drawing. This was 
done to eliminate excessive thrust loading on the test rig turust bearing. 
The outboard seal is the test seaL, while the inboard seal is the thrust 
balancing seal. Using the layout (Figure 2-14), the seal vendor, Stein Seal 
Company of Philadelphia, Pa., produced assembly and manufacturing drawings. 
There are some variations between the original layouts and the final design, 
but the subsequent seal vendor drawings govern, and provide accurate informa- 
tion regarding the final product. 

The nonrotating member of the spiral-groove seal is made from carbon graphite 
(P-5N) and contains the interior high pressure grooving and feed holt's. 

The seal rings do not have metal shrouds or interface pieces. The intent is to 
maintain the mass of the seal ring members as low as possible for improved 
dynamic response. 

The spiral grooving is not machined into the carbon because of potential wipe- 
out from a high speed rub. The test seal assembly is indicated on Stein Seal 
Company drawing. Figure 5-1*. Details of the carbon graphite face seal are 
shown on Figure 5-2. There are three slots on the outer periphery that mate 
with antirotation pins on the housing elements. The design incorporates 
provisions for a thermocouple installation to measure the feed groove temper- 
ature. Figure 5-3 shows details of the mating ring or spiral-groove runner. 
The spiral-groove lands and dam and the seal land regions were coated with 
tungsten carbide containing a chrome-cobalt binder (Linde LW-15). The base 
material for the spiral-groove mating ring is Inconel 718 to insure structural 
integrity when exposed to centrifugal and pressure force fields. An interest- 
ing feature of the design which was prescribed by Stein Seal Company is the 
circumferential secondary seal, it is of split construction and held together 
by a garter spring. There are two s°aling surfaces; a stationary radial 
surface between the secondary seal and housing and a sliding sealing surface 


♦Figures are presented consecutively, beginning on page 5-11. 


5-3 


between the inner circumference of the secondery seel end the secondery seel 
OD on the fece seel element. The sliding seel is pressure belenced signif- 
icantly to prevent excessive crush end friction when high pressure is epplied. 
The secondery seel is mede from the seme cerbon grephite meteriel es the fece 
seel (P-5N). A wevy wesher spring loeds the secondery seel egeinst the hous- 
ing. 

Figure 3-4 is e drewing of the secondery seal end Figure 5-5 is e photogreph of 
the secondery seel. On the left side of the picture, the secondery seel is 
instelled in its housing; on the right, the three sectors thet comprise the 
major seel components are shown separated from one another. 

5.4 Calculated Fluid-F Urn Performance of the 50 -mm Spi ral-Croove Seal 

A series of computer runs were made over a range of speeds and pressure. Prin- 
cipal results are tabulated on Table 5-1*. The indicator, C, stands for the 
spiral-groove region and S for the sealing ridge. Cooled means the inlet to 
the groove is at a constant prespecified temperature indicating sufficient 
bypass flow through the seal compartment to maintain the constant inlet 
temperature. On the other hand, uncooled means the inlet groove temperature 
is an equilibrium temperature based upon leakage flow and viscous power gener- 
ation. 

Performance information was computed using a constant viscosity of 1.172 x 
10 ^ Pa-s which corresponds to LOX at -173°C (-279. 4°F) and a fluid density of 
1080 kg/m 3 (0.039 lb/ in . 3 ) . 

Film thickness data is shown on Figure 5-6. As expected, the film thickness 
reduces as the pressure goes up and as the speed goes down. The numbers indi- 
cate that rapid liftoff to approximately 3000 rad/s (28,647 r/min) would be 
desirable to avoid excessive rubbing of this seal. The operating film thick- 
ness at 5864 rad/s (56,000 r/min) which corresponds to a rubbing speed at the 
seal interface of 183 m/ s (600 ft/s) is 0.024 mm (0.0009 in.). It i3 interest- 


*Tables are presented consecutively, beginning on page 5-41. 
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ing co note chat a straight-through inflow design which had been initially 
examined, has superior low-speed characteristics. The reason for this is that 
a large pressure gradient exists across the grooves of the inflow design, and 
there are pressure- induced hydrostatic forces between the spi ra l -grooves and 
the inside seal dam region that provide a substantial lifting force at low 
speed and high pressure. The straight inflow design, however, would fail 
because of vaporization in the interface and was thus eliminated. 

Axial stiffness is shown on Figure 5-7. The stiffness increases with pressure 
and attains an optimum value at 3000 to 4000 rad/s (28,648 to 38,197 r/min), 
depending upon the pressure level. As speed increases, the stiffness falls 
off, probably because of the high film thickness at high speeds. Low-speed 
stiffness is very poor, and again reflects the need to become fluid-borne 
quickly and operate at speeds above 3000 rad/s (28,648 r/min). At an operat- 
ing speed of 5864 rad/s (56,000 r/min), maximum pressure of 5.17 MPa (750 
psig), the axial stiffress is 81.1 x 10 6 N/m (718 x 10* 5 lb/in.). 

Circulating groove flow is shown on Figure 5-8. This is not the leakage flow, 
but is the quantity of fluid that is circulated through the pumping grooves. 
The circulating flow varies inversely with pressure because film thickness 
increases as the pressure goes down. At a maximum speed and pressure of 5864 
rad/s (56,000 r/min) and 5.17 MPa (750 psig) respectively, the circulating 
flow is 2 x 10' A mVs (12.2 in. Vs). Note the poor circulation at low-speed 
conditions, which reflects the poor pumping capability, low film thickness, 
and generally poor operation at the lower shaft speeds. Leakage, or flow 
through the sealing dam, is shown on Figure 5-9. The leakage flow is a func- 
tion of pressure differential and film thickness. Film thickness effects are 
usually predominant. Note that the leakage curves cross one another. Not 
only is pressure differential and film thickness affecting flow, but there are 
strong effects of turbulence and inertia, especially at the higher pressure 
differential. These effects cause the crossover of the flow curves. Leakage 
at operating condition of 5.17 MPa (750 psig) and 5,864 rad/s (56,000 r/min) 
is 2.98 x 10'* mVs (18.2 in. Vs). 

Power loss curves are shown on Figure 5-10. As expected, power loss increases 
with speed and pressure. For the pressure-balanced seal, power loss is quite 
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sub-itant.nl because ot the relatively large interface area. At the operating 
speed of 3864 rad/s (56,000 r/min) and 5.17 MPa (750 psig) pressure differen- 
tial, the power loss is 9.47 kW (12.7 ho). 

Temperature rises of the fluid being circulated through the spiral grooves and 
leaking through the sealing dam are indicated on Figures 5-11 and 5-12, 
respectively. These temperature rises assume that there is external cooling 
flow entering the seal cavity, thus maintaining a constant inlet temperature. 
It also presumes that all heat transfer occurs between fluids and not to the 
outside ambient. Exorbitant temperature rises occur at the lower speed 
(<3,000 rad/s) (28,648 r/ min) conditions because of the very low flow to carry 
away the heat generated. At operating conditions of 5.17 MPa (750 psig) and 
5864 rad/s (56,00 r/min) the groove fluid temperature rise is approximately 
21.4°C (38.5 # F), and 2.83°C (5.1°F) through the seal land. Both of these 
temperature rises are acceptable. For a noncooled inlet condition, the equi- 
librium temperatures become much higher. These have been calculated. The 
results are a 35.6°C (64.1°F) rise through the spi ral -grooves and a 17.2°C 
(31°F) rise through the seal land. In addition, the equilibrium groo e 
temperature increases from -118°C to -104°C (-180°F to -155°F). 


5.5 Dynamic Analysis of the 50-mm Spi ral -Groove Seal 


Initially, three types of dynamic analyses were considered. The analyses 
started from a simplified approach and then graduated toward real-time 
response analyses including Coulomb friction in the secondary seal. In each 
analysis, the fluid film was approximated by fluid-film stiffnesses obtained 
from the spiral-groove fluid-film analysis. Cross-coupling between axial and 
angular stiffness was neglected and only principal angular stiffnesses 
applied. Cross-coupling only occurs in the seal land regions and not in the 
spi ral -groove region. Since the spiral-groove interface is dominant, cross- 
coupling can be safely neglected. In the an .yses considered, the angular 
stiffness was computed on the basis of the computed axial stiffness at the 
operating condition (i.e., assuming an infinite n>.nber of axial springs). The 
relationship between axial and angular stiffness is as follows: 


K > 
K . -i R 2 
% 2 R 


(5.1) 


5-6 


whc re l 


Kg • angular stiffness 
K a ■ axial stiffness 
R ■ mean seal radius 

Fluid film damping was neglected. 

Comparative results of the simplified and comprehensive dynamic studies indi- 
cated that the differences were not significant. Therefore, the simplified 
methods were applied to facilitate parametric evaluations. 

The analytical model for the simplilied approach considered two circular flat 
plates separated by linear springs. Fluid-film damping and secondary seal 
ring friction were neglected. Axial stiffness of the springs was obtained 
from the fluid-film analysis (see Figure 5-7) and angular stiffness obtained 
from Equation 5.1. One plate was vibrated in the axial and angular modes. The 
results could be put into a general format for both axial and angular 
vibrations as follows: 

Ah _ _ (5.2) 

a 1 - u> 

where J 

Ah * change in clearance 
a * vibration amplitude 

u> * ratio of operating frequency/natural frequency. 

The quantity Ah/a, defined as the amplitude ratio, can be interpreted as the 
clearance closure at the outer radius divided by one-half of the TIR runout of 
the mating ring for angular vibrations. For axial vibrations it is the 
cyclical clearance closure div.ded by one-halt of the total supplied ampli- 
tude. The angular amplitude ratio as a function of speed and pressure is 
indicated on Figure 5-13. The misalignment angle was 0.75 m rad, which gives 
a peak-to-peak amplitude at the OD of the seal portion of ine mating ring if 
0.0381 mm (0.0015 in.). 
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Kxcept tor low-pressure , high-speed condition*, the resulting Amplitude 
rat i os indicate very good dynamic response with la** than 20X ot the available 
clearance consumed by response Ian of the seal ring. The high stiffness at 
relatively large clearance* (due to turbulence) contribute to the good overall 
performance. The reason tor the poor performance at the low pressure, 
high-speed operation is due to very high operating clearances with consequent 
poor stiffness. The seal should not be run at low-speed, high-pressure condi- 
tions, because of the poor start-up characteristics previously mentioned. 

•>.b Klastic and Therms] Distortions of the 50-mm Spiral -Groove Seal 

Combined elastic and thermal distortions of the pressure-bal anced design are 
shown on Figure 5-14. In computing the thermal effects, it was assumed that a 
percentage (approximately 50X) of the fluid temperature rise previously 
computed by heat balance, penetrated the seal ring thickness as indicated on 
the figure. The thermal penetrations were taken to be rectangular to a depth 
of approximately 3.) mm (0.13 in.). This temperature distribution would 
produce greater distortions than actually experienced. A 45-N (10.1-lb) 
spring force was assumed to be acting on the seal ring in Che position shown. 
Also, the secondary seal is approximately 15.73 mm (0.61 in.) from the seal 
face. The distorted position of the seal ring indicates that it has moved 
radially approximately 0.026 mm (0.001 in.) and the face has tilted in a 
converging direction approximately 160 lirad. This tilt translates into a 
variation in film thickness across the seal face of only 3.2 x 10"* 4 mm (0.126 x 
10 ** in.) which is insignificant. Since the length beyond the secondary seal 
is not exposed to the high pressure, it will not move in as far rad»' ly as the 
length on the inboard side of the secondary seal that is exposed to the high 
pressure. The net effect is the bend in the seal ring indicated by the dashed 
line in Figure 5-14. At its very end, this distortion is approximately 
0.015 mm (0.0006 in.). The slope of this hend must be taken into account when 
designing the secondary seal. The net result indicates that the distortions 
are not excessive and will not have a serious effect on performance of the 
seal . 
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1.7 Dmiign ot_the 20-mm Spiral -G roov e Seal 

Results of computerised analysis over a speed-pressure range are indicated on 
Table 5-2 and on Figures 5-15 through 5-26. Results are similar to the 50-mm 
design so that only pertinent comments are summarized below: 

• Film thickness (as shown on Figure 5-15) varies inversely with pressure 
as expected. At maximum pressure the speed should be above 3665 rad/s 
(35,000 r/min) to operate safely. As with the 50-mm design, low-speed 
performance is very poor. 

• Axial stiffnest is shown on Figure 5-16. Low-speed stiffness is poor. 
At maximum speed and pressure, the stiffness is 48.5 x I0 b N/m (277,000 
l b/ in. ) 

• Leakage flow is indicated on Figure 5-17. At maximum speed and pres- 
sure, the leakage is 1.9 x 10 m/s (11.6 in. 'Vs). 

• Circulating groove flow is shown on Figure 5-18. At maximum condi- 
tions, the flow is 1.38 x 10 _< * m/s (8.4 in. Vs). The maximum circulat- 
ing flow occurs at low-pressure, high-speed conditions, because of the 
hifch film thickness at this condition. The maximum flow is 1.56 x 10~ 4 
m/s (9.5 in. Vs). 

• Power loss is indicated on Figure 5-19. Maximum power is dissipated at 
maximum pressure and speed and is equ*.' to 7.084 kW (9.5 hp). 

• The temperature rise in the seal land is shown on Figure 5-20. The 
20-mm seal was only analyzed at the cooled inlet condition since that 
is the anticipated operation. The maximum teop-rat ure rise through the 
seal it only 2.28°C (4.1°F). At the .ower speeds, over-temperature 
would occur at sustained operation. 

• The temperature rise of the circulating fluid through the grooving is 
shown on Figure 5-21. At maximum speed and pressure, the temperature 
of the circulating fluid rises approximately 25°C (45°F). 
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• The natural frequency of the seal ring in the axial mode is shown on 
figure 5-22. It is only at the low-pressure conditions that the 
frequency approaches uncomfortably close to the operating speed. 

• Angular natural frequency is shown on Figure 5-23. Again, the indi- 
cations are that low-pressure, high-speed operation should be avoided. 

• Axial amplitude ratio is shown on Figure 5-24. It clearly indicates 
the danger for operating below a pressure of 1.724 MPa (250 psig) at 
full speed. 

• Angular amplitude ratio is shown on Figure 5-25. Identical comments as 
for the axial amplitude ratio apply. 

• Figure 5-26 shows elastic distortions. These are all very moderate. 
Elastic distortions produce a variation in film thickness of 0.0008^ cm 
(33 Uin.) which is negligible compared to the operating film thick- 
ness. 
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TABLE 5-1 


50-KM PRESSURE-BALANCED SEAL 


u> 

l 


S3 


N 

( rad/s) 

Pressure 

(MPa) 

Pi let 

TMcKrwss 

(in*) 

Floe. 

*) 3 /s * !0 5 
(9> (*) 

Power 

Loss 

(k«> 

Temperature . 
Cooled 
(-C) 

(g) (s) 

Teetperature. 
Uncool ad 
<-C) 

(g) (a) 

Aa tel 
Aapl 1 1 uda 

Ratio 

Angular 
Aapl ituda 
Ratio 

A* la 1 
Stfffntit 
M/m a 10~* 

Face 

Load 

(N) 

7330 

5.17 

29.7 

27.5 

39.0 

16.36 

26.7 

3.0 

45.5 

22.6 

0.042 

0.031 

7.38 

10.608 

5064 


23.7 

20.0 

29.6 

9.46 

21.4 

2.0 

35.7 

17. 1 

0.024 

0.018 

8.07 


5236 


20.90 

16.6 

25.6 

7 . 23 

19.0 

2.5 

32.5 

15.2 

0.019 

0.014 

8.37 


4109 


16.1 

SO. 5 

17.9 

4.25 

18.4 

2. 1 

29.2 

12.0 

0.01 1 

0.008 

8.70 


3142 

. 

10.44 

4.6 

9.34 

2.24 

22.3 

2.0 

33.2 

12.8 

0.007 

0.005 

8.26 


2199 


2.79 

0.16 

0.510 

1.12 

300.6 

21.3 

401.0 

122.0 

0.013 

0.009 

2. 18 


7330 

3.45 

36.3 

29.3 

39.9 

15.3 

23.3 

3.61 

40.6 

20.6 

0.072 

0.053 

4.46 

7.086 

5064 


29.7 

22.3 

31.5 

8 a 

17.7 

2.57 

30.0 

15.0 

0.040 

0.030 

4.96 


5236 


26.4 

19.0 

27.5 

6.6 

15.7 

2. 10 

26.7 

12.8 

0.0303 

0.023 

5.21 


3142 


14.0 

7.21 

12.7 

1.94 

12.4 

1 .32 

19.4 

8.3 

0.009 

0.007 

5.81 


1760 


2.54 

0.090 

0.272 

0.67 

308.9 

24. 1 

417.0 

132.0 

0.016 

0.012 

1.12 


7330 

1.72 

49.5 

30.97 

39.2 

14.1 


3.4 

36. 1 

19.4 

0.100 

0. 135 

1 .89 

3.562 

5664 


41.1 

24 42 

31.0 

7.9 

14.4 

2.4 

25.6 

13.3 

0.099 

0.072 

2. 14 


5236 


37.3 

21.47 

28.5 

5.9 

12.2 

1.9 

21.7 

11.1 

0.072 

0.053 

2.28 


4109 


.3.06 

10.65 

15.0 

1 .64 

7. 1 

0.94 

11.7 

5.6 

0.020 

0.015 

2.01 


2094 


14.22 

4.42 

7.93 

0.67 

6.6 

C.72 

10.6 

4.4 

0.000 

0.006 

2.91 


1309 


3 . 73 

0.179 

0.456 

0.30 

65.6 

5.4 

91.1 

31.1 

0.011 

0.008 

0.860 


7330 

0.69 

70.36 

31.22 

34.37 

13.04 

10.6 

WSM 

35.0 

20.6 

0.844 

0.524 

0.65 

1 .450 

5064 


59.10 

25 . 25 

28.64 

7.23 

12.7 

m 

23.9 

13.3 

0.347 

0.240 

0.75 


5236 


54. 10 

22.50 

26.06 

5.36 

10 . 5 

1 

19.4 

11.1 

0.238 

0. 169 

0.79 


3142 


35.31 

12.95 

16.06 

1 .42 

4.9 

0.63 

8.9 

5.0 

0.055 

0.041 

1.05 


2094 


24.13 

7.37 

9.87 

0.52 

3.3 

0.47 

5.6 

2.8 

0.020 

0.015 

1 .22 


1047 


0.09 

0.97 

1 . 74 

0. 15 

5.4 

0.57 

8.3 

3.3 

0.007 

0.005 

0.912 


890 

i— 


2 . 79 

0.46 

0.092 

0.07 

82.0 

0.011 

125.0 

50.0 

0.C20 

0 015 

0.228 






















TABLE 5-2 


20-MM PRESSURE-BALANCED SEAL 


N 

(rad/s) 

Pressure 

(MPa) 

F 1 1 a 

Tnicknasa 

(mm) 

Poxr 

Loss 

IkW) 

F i Oa . 

a.-*/ a i 10^ 

( 9 ) (») 

Taaparatura . 
Coo lad 
(-C) 

( 9 ) (a) 

Aulal 
Aap 1 1 tudo 
Ratio 

Angular 
Aapl ttuda 
Ratio 

Altai 
St If fnaat 
N/a ■ 10* 4 

Faca 

Load 

(N) 

10.472 

5.17 

25.91 

7.08 

138.0 

190.0 

24 . 8 

2.3 

0.073 

0.051 

4.65 

6.363 

7.854 


19.56 

3.51 

88.5 

134.0 

18.9 

1 6 

0.035 

0.025 

5.42 


6.545 


16.0 

2.31 

63.9 

103.0 

17.2 

1.3 

0.023 

0.016 

5.67 


5.236 


11.94 

1 . 34 

37.7 

68.8 

17.5 

1 . 10 

0.015 

0.010 

5.66 


3.297 


7.11 

0.745 

12.78 

29.7 

27 . 2 

1 . 3 

0.010 

0.007 

4.75 


3.126 


2.54 

0.522 

0.98 

2.62 

256.0 

12.1 

0.021 

0.015 

1 .40 


10.472 

3.45 

31.50 

6.63 

146.0 

192.0 

21 .8 

2 2 

0.123 

0.065 

2.96 

4.270 

7.854 


24.13 

3.28 

102.0 

111.0 

15.4 

1 . 39 

0.057 

0.040 

3.42 


6.545 


20.07 

2.09 

77.0 

113.0 

13.1 

1 .09 

0.037 

0.026 

3.65 


5.236 


15.75 

1 . 19 

50.8 

81.9 

11.7 

0.87 

0.022 

0.016 

3.62 


3.927 


10.92 

0.671 

24.6 

45.9 

12.7 

0.77 

0.013 

0.009 

3.72 


2.581 


2.54 

0.298 

0.66 

1 .80 

206.0 

10.0 

0.026 

0.016 

7.69 


10.472 

1 . 72 

41.91 

6.11 

154.0 

183.0 

19. 1 

2.13 

0.327 

0.213 

1.33 

2. 157 

7.854 


33.02 

2.91 

112.9 

134.0 

12.5 

1 .32 

0.135 

0.093 

1 .56 


6.545 


28. 19 

1 86 

90.0 

115.0 

9.9 

0.99 

0.082 

0.057 

1 .70 


5.236 


22.86 

1 . 04 

66.2 

89.5 

7.8 

0.72 

0.046 

0.033 

1.66 


3.927 


17.02 

0.54 

40.6 

60.0 

6.4 

0.53 

0.024 

0.017 

2.00 


1 .932 


2.54 

0. 15 

0.459 

1 . 10 

139.0 

5.94 

0.029 

0.020 

0.40 


10.472 

0.69 

56.90 

5. 74 

156.0 

152.0 

BB 

2.39 

1.7 

0.82 

0.522 

690 

7.854 


45 . 47 

2.68 

118.0 

119.6 


1 . 44 

0.43 

0.27 

0.C.2 


6.545 


39.37 
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6.0 TEST RIG 


6.1 General Configuration 

A cross section of the test rig is shown on Figure 6-1*. The right-hand 
portion of the rig is the drive end where the nitrogen turbine is located. The 
central portion is the bearing region where the journal and thrust bearings 
are located. The left end of the rig is the test seal section where the 50-mm 
helium buffer seal is shown installed. 

Locating the thrust bearing in the center of the rotor avoids excessive over- 
hang at either end and provides for a more uniform distribution of mass along 
the rotor. This arrangement alleviates rotordynamic difficulties due to large 
overhung masses. The helium buffers are installed in a back-to-back, config- 
uration and mate against a common runner. 

The 30-mm (1.1811 in.) shaft journal diameter provides sufficient stiffness 
to be below the bending critical speed, and prevents excessive bearing and 
windage power losses for operation at 7330 rad/s (70,000 r/min). At the 
turbine end of the shaft, a heat dam is located between the turbine wheel and 
shaft. This dam prevents high temperature at the turbine wheel from conduct- 
ing heat into the cold shaft regions. The outside periphery of the heat dam is 
machined with a labyrinth that provides one half of a buffer seal that 
prevents turbine gas from entering the bearing region. At the seal end of the 
shaft, the helium seal runner is secured to the shaft by a spring sleeve that 
is pressed onto the shaft. This compensates for bore growth of the runner. 

Photographs of the seven major housing components are shown in Figures 6-2 and 
6-3. At the turbine end is the nozzle box which contains the turbine inlet 
manifold, nozzle blades and exhaust section. The turbine blade tip clearance 
of 0.25 to 0.30 mm (0.010 to 0.012 in.) is established by the width of the 
spacer piece between the nozzle box and labyrinth seal housing (see Figure 
6-1). The labyrinth seal housing is a separate member that contains inlet and 


*Figures are presented consecutively, beginning on page 6-16. 
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exit, passages tor the butter g.is. The next major housing element is the 
turbine end bearing housing. This contains the turbine-side thrust and jour- 
nal, bearings with associated t'Luid inlets, drains and pressure tap 
connections. The shaft support journal and thrust bearings are externally 
pressurized (hydrostatic) bearings to provide stiffness and avoid whirl 
instabilities. The bearing housing also contains the right-hand side of the 
windage shroud surrounding the thrust collar. Separating the two bearing 
housings is a shim plate whose thickness determines the total clearance in the 
thrust bearing. The seal end bearing housing contains the left-hand thrust 
and journal bearings. The next major element is the seal housing in which the 
test seals are installed. Finally, the end cap is the last member and is used 
to contain the fluid that leaks past the test seal. (Photographs of rig 
components and an assembled shaft are included in Section 2.0, Figures 2-20 
and 2-21.) 

The assembly of the rig proceeds from inboard out. The bearing nousings and 
shim plate are installed over the shaft and connected by cap screws torqued to 
their specified values. Next, the assembled buffer seal housing is installed 
and connected to the turbine side bearing housing. The heat dam is then 
shrunk onto the shaft. The turbine nozzle spacer is next inserted. The 
turbine wh >el is chi' 5 led in LN 2 and inserted over the shaft into the bore of 
the heat dam. A washer and nut finish the shaft; assembly. The final step at 
the turbine end is installation of the nozzle box. At the opposite end the 
helium seal housing is installed, The seal runner spring sleeve assembly is 
then attached to the shaft and the seal runner shrunk on and secured by the end 
nut. The test seals are then put in place followed by the end cap. 

6.2 Fluid Systems 

The various flow systems and flow paths in the rig are indicated schenaticall y 
on Figure 6-4. The nitrogen gas for driving the turbine enters the nozzle box 
on the right-hand side, proceeds through the nozzle blading, through the radi- 
al-inflow turbine that drives the rig, and out through a central exhaust in 
the turbine nozzle box. Leakage at the back side of the turbine wheel passes 
through a labyrinth seal,’ mixes with the buffer seal gas, and exits from a 
common drain. , he buffer seal consists of a central supply annulus from which 
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How is directed axially through labyrinths towards the turbine wheel and in 
the opposite direction towards the bearing compartment. 

Initially, nitrogen gas was used tor the butter tluid in the labyrinth seals. 
The check-out test showed, however, that the temperature ot the surrounding 
parts was low enough to permit some of the nitrogen to liquefy. This ran back 
into the turbine posing a problem. Helium gas with its much lower liquefica- 
tion temperature was substituted for the nitrogen and solved the problem. 

The journal and thrust bearings are externally pressurized by liquid nitrogen. 
There are four recesses in each bearing, each fed through an external passage 
via an orifice restrictor located at the outer periphery of the rig. The 
drain from the turbine end of the turbine side journal bearing mixes witn the 
labyrinth seal drain. The inboard drain from the turbine side journal bearing 
combines with the thrust bearing drain located around the outer periphery of 
the central section of the thrust bearing. The inboard drain from the seal 
side journal bearing flows through a separate drain outlet and combines with 
the leakage from the thrust bearing seal drain. 

Two different arrangements were used to drain the outboard side of the seal 
end journal bearing and the inboard helium buffer seal. The original design 
(shown in Figures 6-1 and 6-4) uses a common drain cavity. The helium-nitro- 
gen mixture exited through radial drain holes directly under the journal bear- 
ing. This arrangement, used during the testing of the first three seal, sets, 
allowed the inboard end of the seal, runner to be bathed in LN 2 resulting in 
large windage losses. The heat generated caused the adjacent journal bearing 
case to warm up and partial vaporization to occur in the bearing. The vapori- 
zation of the bearing fluid caused deterioration of its stiffness and damping 
properties and resulted in serious dynamic problems at speeds of approximately 
50,000 r/min or greater. 

The second arrangement designed to prevent the vaporization problem uses a 
Labyrinth seal to keep the LN 2 bearing flow away from the end of the seal 
runner. The configuration was shown in Figure 2-22. The helium side of the 
labyrinth is kept at a higher pressure than the LN 2 side, thus preventing any 
LN 2 from flowing in and contacting the end of the runner. This eliminates the 
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windage loss altogether. The helium is supplied by the leakage t rum the 
inboard test seal and flow from an additional supply part machined into the 
seal housing. A constant buffer flaw is maintained across the labyrinth by 
keeping the externally supplied helium at a pressure slightly higher than the 
bearing drain. 

The various fluid supply and drain systems require a large number of passages. 
These are shown on Figures 6-5 through 6-7. Section numbers are referred to 
in Figjre 6-1, Figure 6-5 shows the turbine side bearing housing inlets and 
outlets. Section D-7 is in the journal hearing region and shows the, inlet; 
ports to each of the recesses (Connection A). The restrictor elements are 
located at the outer periphery of each entrance connection so that they are 
readily accessible for change, if desired. The two bottom recesses also have 
pressure tap Connections B. Inboard of the bearing, at its drainage manifold, 
are capacitance probe Connections C, tor monitoring shaft motion. Although 
onLy one probe is shown, there are actually two, located 90 degrees apart. 
Section D-4 is in the right-hand bearing housing in the vicinity of the thrus'. 
bearing. Each of the four thrust bearing recesses are separately fed through 
Connection A, The two top recesses have pressure taps B, for measuring the 
thrust bearing recess pressures. There are also four separate Connections C, 
for inlets to the vibration pistons [3]. These were not used during the heli- 
um seal test. The several drain holes shown communicate i.ne inboard journal 
bearing drain with the thrust bearing drain. 

Figure 6-6 shows supply and drain connections for the seal end bearing hous- 
ing. Note that the left and right-hand bearing housings are not antisymmetric 
because of the different drainage systems at the outboard end of the journal 
bearings. Section A-7 (thrust bearing housing) shows the orthogonal capaci- 
tance probes axially positioned on the inboard side of the journal bearing. 
Figure 6-7 shows the connections for the turbine end Labyrinth seal and shim 
plate housings. The labyrinth seal housing, Section D-10, contains one inlet 
Connection A. It is at the bottom and feeds the central region of the double 
labyrinth seal (see Figure 6-1). At the top of the housing, Connection B, is 
the combination drain for the LN 2 from the outboard end of the turbine-side 
journal bearing and the buffer gas Leaking past the inboard labyrinth. 
Connections C exhausts combined leakage from the turbine and outboard 
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labyrinth ‘seal . The *;him plate, Section A- 1 ), has hmr drain connect 1 >ms .u 
the bottom which are outlets lor the thrust bearing and the inboard leakage 
from both journal bearings, 

6 .3 Test Seal Arrangement 

The helium seal arrangement is shown in Figure 6-1, The inboard seal contacts 
the mating surface of the seal housing. The outboard seal contacts a similar 
mating surface and is retained by the end flange which is internally bolted to 
the seal housing. The seal rings are prevented from rotating by three equally 
spaced, key-like protrusions machined into the bore ol the seal housing and 
end flange. The seals are pushed apart providing a small, but positive, axial 
sealing force by a wavy washer installed between the rings. 

The helium seal runner attachment to the shaft was previously shown on Figure 
4-6. A flexure sleeve is pressed in the bore of the seal runner. The assembly 
is then pressed over the shaft end. The purpose of the flexure is to compen- 
sate for centrifugal growth of the runner. As was indicated on Figure 4-6, 
the growth at, the ID of the runner is approximately 0.0104 mm (0.0004 in). As 
the runner expands, it aLlows the flexure to release and maintain contact with 
the runner. 


6.4 Turbine Design and Performance 

The turbine used to drive the rig is a radial-inflow turbine designed for a 
maximum of 74 kW (100 hp). The principal losses in the rig are due to windage, 
bearings, and seals viscous losses. Computed total power loss for the test 
rig with helium seals installed and the original, inboard seal drain arrange- 
ment is approximately 31 kW (41 hp) at 7329 rad/s (70,000 r/min). With the 
labyrinth seal installed between the helium seal and journal bearing, the 
total computed loss drops to about 17 kW (23 hp). Figure 6-8 shows the 
locations of the various losses. 

Figure 6-9 presents the turbine configuration} Figure 6-10 provides a photo. 
Design and performance data are given below: 
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Basic Turbine Ik *-, >?' 


Types 

OL), mm ( in, ) ! 

Speed, rad/s (r/min): 

Ti p Speed, m/s (t i/%)i 
Nozzle Angle, red (deg): 
Blade Angle, rad (deg): 
Reaction (£): 

U/Co: 


Unshrouded, cant i le ered, 
71.9 (2.8)) 

7,329 (70,000) 

284 (865) 

1.29 (74) 

1.05 (60) 

30 


radtal-int low 


0.5 


Estimated Performance 


Gas! 

Power, kW (hp): 

Inlet Pressure, kPa absolute (psia): 
Exhaust Pressure, kPa absolute (psia): 
Isen. Enthalpy Drop, Btu/kg (Btu/lb): 
Efficiency, %'• 

N 2 Flow Rate kg/s (selm): 


N 2 at 21°C ( 70° K, 360°R 
37 (50) 

10)4 (150) 

103.4 (15) 

27.2 (60) 

70S 

0.40 (700) 


Off-design performance data are provided by Figures 6-11 and 6-12 showing 
output power versus inlet pressure and turbine efficiency versus speed, 
respectively. 


6.4.1 Acceleration 

The specification calls for an acceleration rate of 152 m/‘, (500 ft/s“). 

This is equivalent to 15.5 g. The turaine design speed torque is: 

T = (50)(63, 000)/70,000 = 45 in. -lb = 5.08 N/m 


The stalled torque for this type of turbine is two times the design torque, 
10.2 N/m or (90 in. /lb). The 2.15 kg (4.75 lb) rotor has a mass moment of 
inertia of 0.00068 N/m-s^ (6 x 10™^ Ib/in.-s^). The average acceleration is 
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then: 


X * (90 + 45)/l2 X 0,006 X 386) - 29 


Thtrefora, thert ji ampl«* torque available to meet the ipeei t ic*t jon acceler- 
ation rata. 

6.4.2 Stress 

At the design conditions of 37 kW (50 hp) at 7 329 red/s C 70,000 r/min), the 
maximum stress is 137.9 MPa (20,000 psi) which occurs at the blade ID t rum 
both the centrxfugal forces and torque load. Aluminum alloy 2024-T) has a 
yield strength of 41), 6 MPa (60 psi), hence the maximum safe operating speed 
is about 10,470 rad/s (100,000 r/min). 

6.4.3 Design 

The design drawing of the turbine wheel is shown in Figure 6-13. 

6.5 Bearing Design and Performance 
6.5.1 Journal Bearings 

The journal bearing is a four-pad hydrostatic bearing with a pocket or recess 
geometry as shown in Figure 6-14. The recess angular extent is 1.26 rad (72°) 
and approximately 16.4 mm (0.644 in.) wide, ihe bearing width is 22.0 mm 
(0,866 in.) and the L/D ratio is approximately 0.73, The design radial clear- 
ance is 0.0191 to 0.0254 mm (0.00075 to 0.00100 in.). The actual measured 
radial clearance was 0.0188 mm (0.00074 in.). 

Bearing performance is summarised in Table 6-1*. Since the program originally 
called for the use of I.OX (for spiral groove seal testing) and test speeds of 
10,470 rad/s (100,000 r/min) for testing 20 -mm seals, bearing performance for 
those conditions is also given. The data applies to the concentric shaft 
position which, given the Low rotor weight, is the expected mode of operation. 


'•'•'Tables arp presented consecutively, beginning on page 6-49. 
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The bearing flow is very sensitive to clearance and only slightly affected by 
speed. The flow is used to size cf.e orifice to produce a pressure drop between 
the supply and bearing recess equal to about one half the total drop between 
the supply and drain. The original orifices installed were 0.940 mm (0.037 
in.) in diameter. These were changed during check-out operations to 0.813 mm 
(0.032 in.) in diameter, yielding a recess pressure 0.45 to 0.50 times the 
supply pressure. 

Both stiffness and damping are also sensitive to clearance. The bearing land 
areas are silver plated from 0.05 to 0.10 mm (0.002 to 0.004 in.) to reduce 
rubbing friction with the shaft. The bearings are energized prior to start-up 
of the shaft and after it has stopped rotating during shutdown. Thus, there 
should not be rubbing contact between the shaft and bearings. 

6.5.2 Thrust Bearings 

The general configuration of the thrust bearing is shown in Figure 6-15. It 
is a four-pad bearing with each pad being of 1.22 rad (70°) angular extent. A 
single pocket is incorporated in each pad. The pocket angular extent is 0.98 
rad (56°). each pocket is individually fed through an orifice restrictor and 
two of the pockets have pressure taps for measuring pocket pressure. The 
design clearance of the thrust bearing (per side) is 0.038 mm to 0.0432 mm 
(0.0015 to 0.0017 in.). The actual clearance is also 0.038 mm to 0.0432 mm 
(0.0015 to 0.0017 in.). 

The thrust loads imposed on Che seal te3t rig are shown in Figure 6-16. They 
are dependent on the pressure maintained in the outboard seal drain cavity, 
the bearing drain pressure and the turbine pressures. At design turbine 
conditions, the net thrust pushes the rotor toward the seal end and can go 
from 369 N (83 lb) with an outboard seal drain pressure of 517 kPa absolute (75 
psia) to approximately 1432 N ( 322 lb) as the outboard dra.n pressure is 
lowered to 103 kPa absolute (15 psia). At low turbine power conditions, when 
its thrust is very low, the net thrust would go from 3C9 N (69 lb) toward the 
turbine end to a net 529 N (119 lb) to the seal end as the outboard drain pres- 
sure is decreased from 517 kPa absolute to 103 kPa absolute (75 psia to 
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15 psia). In either case the net loads are well within the capability of the 
thrust bearing. 

Table 6-2 and 6-3 show thrust bearing performance at 7329 rad/s (70,000 r/min) 
and 10,470 rad/s (100,000 r/min) for both liquid nitrogen and LOX. The tabu- 
lations show single side properties of the bearing and indicate variations in 
performance as a function of clearance. 

Load versus displacement for the total bearing is indicated in Figure 6-17. 
Because of light loading, the bearing will remain essentially centered with 
runner axial displacements less than 0.0025 mm (0.1 mils). At full displace- 
ment, the load capacity is approximately 5115 N (1150 Lb). Bearing flow for 
the double-acting thrust bearing is shown in Figure 6-18. In the centered 
position, the flow is 1.17 kg/s (16.2 gal/min at 70,000 r/min). Viscous power 
losses for a single~3ided thrust surface are indicated in Figure 6-19. Pocket 
or recess pressure versus film thickness is shown in Figure 6-20. In the 
centered position, the recess pressure is 2585 kPa (375 poia), or half of the 
supply pressure. This pressure ratio provides near optimum stiffness. The 
double-sided stiffness is approximately 175 m-N/m (1,000,000 lb/in.). Figure 
6-21 is a plot of fluid-film temperature rise versus film thickness, for a 
single side. It is based on the assumption that all heat generated by viscous 
friction is added to the fluid as it flows through the bearing and no heat is 
transferred through the bearing surfaces. In the centered position, the 
temperature rise is 1.3°C (2.3°F) at 7329 rad/s (70,000 r/min). When the 
bearing clearance approaches 0.013 mm (0.0005 in.) the temperature rises 
dramatically and represents a failed condition. It is important to keep the 
temperature rise as low as possible to assure against vaporization in the 
bearing film. 

6.6 Rotor Dynamics 

The following three major analyses were performed on the 50-mm test seal 
rotor: 


1. Undamped critical speeds as a function of bearing stiffness 

2. Synchronous unbalance response 
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i„ Stability analyst’} t.o establish system stability, natural 1 requen- 
cies, and moda shapes. 

Because of the early emphasis on the spiral “groove LUX seals, the rotordynamic 
studies modeled the tester rotor as outfitted for the LOX seal tests. The 
differences between the LOX seal rotor and the helium seal rotor are the mass 
and the polar and transverse moments of inertia of the seal runners. The LOX 
runner is greater in all three properties. Critical speeds or natural, 
frequencies are higher and system stability is greater for the helium seal 
runner. Thus, if the analysis is not entirely accurate, it is at least: 
conservative. 

In summary, the analyses show that seal tests should operate satisfactorily 
over its entire speed range. The most troublesome natural frequency, the 
first bending mode, resides at approximately 13,611 rad/s, (130,000 r/min) and 
is well above the speed range. The lowest natural frequency, a rigid body 
conicaL mode, should occur at about 7329 rad/s (70,000 r/min) for the LOX 
r .or (higher for the helium rotor). The resulting vibrations should be well 
damped. Response analyses at 7329 rad/s (70,000 r/min) show acceptable ampli- 
tudes for expected levels of residual, unbalance. The stability parameters or 
growth factors of all natural frequencies calculated are all negative and 
large, indicating good system stability. 

In practice, the dynamic characteristics of the tester proved considerably 
more troublesome than expected. Despite careful, balancing and assembly, large 
shaft vibrations developed during both the rig checkout and the first three 
seal, tests. Vibration amplitudes started to grow around 4397 rad/s (42,000 
r/min) and reached unacceptably high shaft Levels 0.025 to 0.038 mm peak to 
peak, (1,0 to 1,5 mils peak to peak) between 4816 and 5444 rad/s (46,000 and 
52,000 r/min). 

A brief experimental analysis revealed the following observations: 

1. Varying the bearing supply pressures between 3.79 and 6.20 MPa (550 
and 900 psig) did not eliminate the vibrations. 
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2. The orbits while operating at pressures ni 4,82, 5.51, md 8.20 MPa 

(700, 800, and 900 psig) were close to (but not locked to) shall 

speed. Orbits al pressures ol 3.79 and 4.14 MPa (550 and 600 psig) 
were exactly synchronous. 

3. The speeds at which the vibration became Large decreased somewhat as 
bearing supply pressure, was increased. Also, the occurrence of 
noticeable bubbling around the seal end probe showed the same trend. 
Both effects are noted below: 


Supply Pressure 
(MPa) 

Vibration Threshold 
(rad/s) 

Bubbling Threshold 
(rad/ 3 ) __ 

6.20 

4837 

- 

5.51 

4837 

3769 

4,82 

5026 

>3769 

4.14 

5403 

5151 

3.79 

5407 

5.151 


4. Both the vibration and bubbling were most severe on the seal end of 
the tester. 

5. Lower speed operation revealv: small but noticeable synchronous 
vibration peeks at 3141 rad/s (30,000 r/min) and second harmonic 
peaks at 2450 rad/s (23,400 r/min). The latter may correspond with a 
natural frequency of 4900 rad/s (46,800 r/min). 

6. Because of the bubbling occurring around the shaft probes and the 
nonsynchronous behavior at the higher pressures, the mode shapes 
could not be determined. 

From these analyses, it was concluded that the design stiffness and damping 
properties of the seal end journal bearing were not being achieved. This 
would have the general effect of lowering the natural frequencies and decreas- 
ing the damping. The following comparisons provide additional evidence of 
weakened bearing properties. The first and second undamped critical speeds 
are predicted to occur at 7329 and 9423 rad/s (70,000 and 90,000 r/min), 
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respectively based on bearing stillnesses ot 117.3 m-N/m (6,7 x 10** lb/in.). 
If, however, the stillness degraded to about 17.5 m-N/m (1.0 x 10^1b/in.) the 
same anaLysis would predict 3141 rad/s (30,000 r/min) tor the lirst critical 
speed and 4816 rad/s (46,000 r/min) tor the second. Both speeds coincide with 
measured peaks in vibration. 

The occurrence of sell-excited vibration of frequencies very close to the 
synchronous frequency is very unusual. However, additional analyses of the 
tester revealed that such an instability can occur with sufficiently degraded 
damping. 

The most Likely cause of poor stiffness and damping in the seal end bearing is 
vaporization in the bearing film. Experimental observations provided ample 
evidence of gas bubbles when the vibration occurred. Previously completed 
design studies indicated that the LK'2 bearing fluid is nt.ar saturation condi- 
tion as it exits the bearing. An additional factor is the windage loss 
resulting from the LN 2 contacting the end of the seal runner. This generates 
a substantial amount of heat which would transmit to the surrounding parts and 
increase the tendency for vaporization. To eliminate the windage loss and 
hopefully the vaporization, the second labyrinth seal was installed (see 
Section 2.0) prior to the fourth seal test. 

6.6.1 Rotor Model for the 50-mm LOX Seal. Shaft 

The rotordynamic models used for both the 50- and 20-mm LOX shafts are shown 
in Figure 6-22. Table 6-4 indicates pertinent information relative to the 
various mass stations and shaft elements for the 50-mm LOX seal rotor. The 
model, contained 20 mass stations with disk elements located at Stations 5, 9, 
and 16 representing the seal runner, thrust runner, and turbine wheel, respec- 
tively. 


6.6.2 Und amped Crit i cal Speeds f or the 50 -mm LOX Sea l Rotor 


The undamped critical speed map for the 50-mm seal rotor is shown in Figure 
6-23. The bearing stiffness variable is the diagonal stiffnesses along the x- 
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nr y-nxes. For tit* 50-mm LUX seal , the bearing support stiffness was 

taken to be 117.9 m-N/m (6.73 x 10 J lb/in.), representative of a radial clear- 
ance of 0.019 mm (0.00075 in.). At an operating speed of 5863 rad/. <3 (56,000 
r/min), the rotor speed is below the first critical, which is a rigid body 
mode. The first bending critical, which is the third critical speed, occurs 
at approximately 13,611 rad/s (130,000 r/min) which is more than two times the 
operating speed. 

6,6 .3 S ynchronous Unbalance Resp onse of the 50 -mm LOX Se al Rot or 

In computing the unbalance for synchronous response studies, API balance spec- 
ifications were employed. This specification indicates what normal lccepta- 
ble and attainable unbalance levels are. 

The formula for computing the unbalance is: 

U x * 5 (56,347)(W C )/N 2 (6.1) 

at 7329 rad/s (70,000 r/min). For the 50-mm LOX seal rotor! 

U x * 0.197 g-mm (2.73 x 10" 4 oz-in.) (6.2) 

at 10,470 rad/s (100,000 r/min). For the 20-mm LOX seal, rotor: 

U x * 0.082 g-mm (1.145 x 10“ 4 oz-in.) (6.3) 

Wt * Rotor weight (lb) 

The above numbers are low levels and difficult to obtain. Therefore, MTI 
designed for an unbalance Level of: 

U x - 0.36 g-mm (5.0 x 10~ 4 oz-in.) 

The unbalances of this magnitude were applied at each of the Stations 5 and 
16, representing the seal runner and turbine wheel, respectively. Two sets of 
runs were made; one in which the unbalances were in-phase and one in wh’oh the 
unbalances were 180° out-of-phase. In-phase unbalance, excites the lateral 
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rigid body modes. OuL-ot -phase unbalance excites the conical rigid body 
modes. 


Figure 6-24 shows half amplitude synchronous response at Stations 8, 10, and 
11 which are the seal end journal hairing, the turbine end journal bearing, 
and thrust bearing, respectively with in-phase unbalance. At the operating 
speed of. 5863 to 6073 rad/s (56,000 to 58,000 r/min), displacements are very 
well controlled? amplitudes are approximately 0.000254 mm (0.01 mils). The 
maximum speed of the rotor is 7329 rad/v (70,000 r/min) and wii.1 be run at this 
speed with the helium seals. Amplitudes at these stations at 7329 rad/s 
(70,000 r/min) are still, very small and pose no problems. Figure 6-25 shows 
half amplitude response at Stations 9, 10, and 15 which are the thrust bearing 
'Stations 9, 10) and in the vicinity of the turbine wheel. Response at maxi- 
mum speed is less than 0.00127 mm (0.05 in,). Figure 6-26 shows response at 1, 
16, and 20. Station 1 is at the seal end extremity of the rotor; Station 16 
is at the turbine wheeL and Station 20 is at the extreme turbine end of the 
rotor. At the operating speeds, amplitudes are approximately 0.00127 mm (0.05 
mils) at 5863 rad/s (56,000 r/min) and 0.00254 mm (0.1 mils) at 7329 rad/s 
(70,000 r/min). Figures 6-27, 6-28, and 6-29 show similar plot s for out-oJ 
phase unbalance. For the out-of-phase unbalance conditions, the maximum 
amplitude is 0.00381 mm (0.15 mils) at: Station 1 (see Figure 6-29). 


6 .6 .4 S tab Ui t y Analysis 


for the 50-mrn^ LOXSeal Rotor 


As mentioned in the introductory paragraph, the stabi i; ty analysis produces 
three significant items of information. These are a stability parameter or 
growth factor, natural frequencies, and mode shapes associated with the 
natural frequencies. Negative growth factors imply a stab'e system. 


A tabulation of modal growth factors, natural freque: ,.es and mode shapes is 
indicated in Table 6-5. The first mode is a rigid body mode. The natural 
frequency is 6384 rad/s (60,983 r/min) and the growth factor is -1139.2. The 
mode Is very well damped. It coincides with the bottom line of the undamped 
critical speed map shown in Figure 6-23, Note that there is significant 
motion at the bearing stations, so that bearing characteristics influence this 
particular mode. Mode 2 is again very well damped. The natural frequency of 
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this mode is beyond the range ot i ho maximum rotor speed. Hu* t hird and tiith 
modes show significant bending. Mode 4 is predominantly a lateral rigid body 
mode. 

6.7 Thermal Analysis 

Using computer codes available at MTI, in-depth studies were made to establish 
the temperature distribution in the test rig. The original, study was 
performed for the 50-mm LOX seal configuration using LOX as the working fluid 
for both the bearings and seals. The results are shown in Figure 6-30. It was 
assumed that the LOX entered the bearings and seal compartment at -17J°C 
(-280°F), and that the nitrogen supply to the turbine and buffer seaL was at 
21°C (+70°F). Fluid temperatures are indicated in bold numbers. The princi- 
pal item of concern with respect to the fluid temperatures is that the LOX 
remain in a liquid state in and near the bearings to prevent bearing problems 
and erroneous capacitance probe readings. Figure 6-31 indicates drain pres- 
sure requirements versus fluid temperature rise to keep the LOX completely 
liquid. 

The liquid at the journal bearing drains and the capacitance probes which are 
at the inboard drain Locations is relatively cool, -173°C (-279°F). The 
temperature rise above the normal boiling point is 10°G (18°F). Thus a total 
backpressure of two to three atmospheres should be sufficient to maintain the 
LOX discharges in the liquid state. The housing and shaft temperatures are 
all quite reasonable. The largest temperature differences occur in the heat 
dam and buffer seal ragieu, as would be expected. The heat dam is calculated 
to be effective in preventing transfer of heat from the turbine end down the 
shaft . 
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SECTION D 4 

Right-Hand Bearing Housing 



Fig. 6-5 Supply and Drainage - Turbine-Side Bearing Housing 


UMM 




6-21 


O 


B 



A — Thrust Bearing Inlet 
B — Pressure Tap 
C — Vibration Piston Inlet 
D — Capacitance Probe 
E — Journal Bearing Inlet 



• « 

C 

SEC TION A 7 
Lett Hand Bearing Housing 


A — Journal Bearing Inlet 
B — Pressure Taps 



SECTION A 3 
Lett-Hand Bearing Housing 


Fig. 6-6 Supply and Drainage - Seal-Side Bearing Housing 




fi-23 


ill 


6-24 


(\ 

i 

X 



Design Point 

7329 rad/s (70,000 rpm) 
284 m/s (865 ft/s) 

1034 kPa, abs (150 psia) 
Maximum Acceleratior. Rate 274 m/s 1 (900 ft/s ] ) 
i) 07 


Speed 
Tip Speed 
Inlet Pressure 



“max 


206 8 MPa (30.000 psi) 


822830 1 


Fig. 6-9 Turbine Design Schematic 
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Fig. 6-13 Turbine Wheel 
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Fig. 6-14 Test Rig Journal Bearing Recess Geometry 
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Fig. 6—15 Test Rig Thrust Bearing Recess Geometry 


i ^**1 i f I’.-- -1 I ----I 







> »■■■*■ t 


Ul q. 



P-l = 517 kPa, abs (75 psia) F ^ = 1490 N (335 lb) Pi = 103 kPa, abs (15 psia) F n = 552 N (124 lb) 

P 2 = 517 kPa, abs (75 psia) F 2 = 1125 M (253 lb) r £17 kPa. abs (75 psia) F 2 = 1156 N (260 lb) 

Net Thrust = 236 N (53 lb) Net Thrust = 605 N (136 lb) 


Fig. 6-16 Test Rig Thrust Loading 822815-1 
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Fig. 6-17 Thrust Bearing Load Capacity versus Displacement 
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Bearing Data: 

Supply Pressure = 5.171 MPa 
OD = 58 mm ID = 32 mm 
Orifice Diameter = 2.09 mm at 7,329 rad/s 
= 1.93 mm at 10,470 rad/s 
Discharge Goeff.= 0.9 


-10,470 rad/s & 7,329 rad/s 
(100,000 rpm) (70,000 rpm) 


Film Thickness (mil) 


0.04 0.06 0.08 

Film Thickness (mm) 


rust Bearing Keit'ss Pressure 
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Fig. 6-23 Undamped Critical Speed Map - 50-mm LOX Seal Shaft 
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Fig. 6-25 50-mm Seal Half -Amplitude Response, Stations 9, 10, 15; In-Phase Unbalance, C = 0.0191 mm 
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TEMPERATURE DISTRIBUTION (° C) 
6,280 rad/s, 50-mm SPIRAL GROOVE SEAL 



Fig. 6-3C LOX Seal Test Rig 
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TABLE 6-1 


SUM MARY OF CONCENTRIC JO UR NAL BEARING PERFORMANC E 


Liquid 

LOX 

LOX 

LOX 

LOX 

LN 2 

LN2 

N, Speed, rad/a 

10,470 

7,329 

7,329 

10,470 

7,329 

10,470 

P*, Supply Preaaure, kPa 

5,171 

5,171 

5,171 

5,171 

5,171 

5,171 

C, Radial Clearance, mm 

0.0191 

0.0191 

0.0254 

0.0254 

0.0254 

0.0254 

d 0 , Orifice Diameter, Ran 

0.711 

0.762 

0.965 

0.965 

0.965 

0.965 

Pr, Recess Pressure, kPa 

2,620 

2,592 

2,613 

2,627 

2,551 

2,813 

Q, Plow, kg/s 

0.111 

0.132 

0.222 

0.191 

0.190 

0.180 

hp, Power Loss, kW 

2.20 

0.82 

0.77 

2.07 

0.58 

1.56 

K xx , Stiffness, mN/m 

121.9 

117.9 

82.7 

86.3 

83.7 

87.0 

Kw f 







K X y, Cross-Coupled Stiffness, mN/m 

111.4 

64.6 

38.0 

64.1 

35.4 

48.5 

Kyx> 







D xx , Damping, mN-s/m 

21.2 

17.7 

10.3 

12.1 

9.6 

9.3 

Dyy, 







At, Temperature Rise, °C 

12.53 

3.93 

2.18 

6.82 

1.35 

3.82 

M c , Critical Mess, kg 

4.45 

8.78 

6.17 

3.15 

9.98 

3.17 
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TABLE 6-2 


SUMMARY O F THRU ST BEARING PERFORM AN CE 
(7329 rad/a; Orifice (d 0 ■ 1.61 mm) 


Pocked 


Clearance 

Force 

Flow 

Losses 

Temperature 

Pressure 

(mm) 

_00_ 

(kg/s) 

(kW) 

(°C) 

(kPa) 




LOX 



0.114 

429.6 

0.786 

1.32 

1.03 

430 

0.0762 

915.0 

0.744 

1.43 

1.18 

910 

0.0666 

1155.1 

0.724 

1.46 

1.24 

1144 

0.0572 

1490.1 

0.694 

1.31 

1.34 

1472 

0.0476 

1968.2 

0.650 

1.57 

1.48 

1932 

0.0381 

2659.2 

0.580 

1.64 

1.73 

2585 

0.0305 

3405.3 

0.497 

1.72 

2.12 

3272 

0.0229 

4301.2 

0.381 

1.83 

2.95 

4059 

0.0152 

5200.9 

0.228 

2 -.00 

5.39 

4772 

0.0076 

5821.8 

0.069 

2.36 

21.0 

5134 




ln 2 



0.114 

414.9 

0.665 

0.98 

0.75 

418 

0.0762 

884.6 

0.632 

1.06 

0.85 

891 

0.0666 

1117.5 

0.614 

1.09 

0.90 

1114 

0.0572 

1444.5 

0.590 

1.12 

0.97 

1434 

0.0476 

1919.23 

0.552 

1.17 

1.07 

1893 

0.0381 

2603.7 

0.495 

1.22 

1.26 

2543 

0.0305 

3344.8 

0.425 

1.28 

1.53 

3223 

0.0229 

4245.5 

0.327 

1.37 

2.13 

4023 

0.0152 

5166.7 

0.197 

1.51 

3.88 

4754 

0.0076 

5808.0 

0.061 

1.79 

14.99 

5131 
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TABLE 6-3 


S UM MAR Y OF THR UST BEARING PERFORMANCE 
(10,470 rad/s} Orifice (d 0 * 1.55 nm) 


Clearance 

(mm) 

Force 

JN) 

Flow 

(kg/s) 

Losses 

(kW) 

Temperature 

<°c) 

Pocket 

Pressure 

(kPa) 

0.114 

425.2 

0.727 

LOX 

3.61 

3.04 

417 

0.0762 

914.2 

0.690 

3.89 

3.46 

891 

0.0666 

1158.7 

0.671 

3.99 

3.65 

1126 

0.0572 

1502.8 

0.642 

4.10 

3.92 

1455 

0.0476 

1996.6 

0.601 

4.25 

4.35 

1922 

0.0381 

2709.2 

0.536 

4.44 

5.09 

2585 

0.0305 

3479.2 

0.458 

4.65 

6.24 

3285 

0.0229 

4404.0 

0.347 

4.93 

8.74 

4090 

Q.Q152 

5307.6 

0.202 

5.38 

16.40 

4805 

0.0076 

5868.9 

0.057 

6.30 

68.25 

5142 

0.114 

406.3 

0.615 

m 

2.67 

2.20 

402 

0.0762 

875.9 

0.585 

2.88 

2.50 

859 

0.0666 

1111.3 

0.569 

2.96 

2.64 

1087 

0.0572 

1443.5 

0.547 

3.05 

2.83 

1406 

0.0476 

1922.6 

0 . 5 1 2 

3.16 

3.13 

1862 

0.0381 

2619.2 

0.4^ 

3.31 

3.66 

2514 

0.0305 

3380.9 

0.394 

3.47 

4.46 

3211 

0.0229 

4312.1 

0.301 

3.69 

6.20 

4026 

0.0152 

5248.9 

0.178 

4.04 

11.52 

4773 

0.0076 

5855.8 

0.051 

4.77 

47.81 

5138 
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TABLE 6-4 


50- ’.M LOX SEAL ROTOR PARAMETERS 


NNAT . NGYRO JOP? (UNITS ISCAL IPREC 

I I SO 0 0 0 

NAT YOUNGS MOO. DENSITY SHEAR MOO. 

NO. (LB/INS021 (LB/IN993I CLB/IN992I 
1 3.13000*07 2.9600-01 9.40000*06 


ROTOR DATA 


STAT MASS 

IP 

IT 

LENGTH STIFF. 

MASS 

INNER 

YOUNGS MOD. 

DENSITY SHEAR MOD.- 

NO 

. (LBS) 

(LB-IN9921 

(LB-IN992) 

( IN j 

01 A. - 

D1 A. 

OIA. 

ILB/IN992) (LB,FIN993> 

IL8/IN992) 

1 

0.0 

0.0 

0.0 

0.20L 

0.314 

0.31 3 

0.0 

3.130 OD *0 7 

2.960D-0 1 

9.4000*06 

2 

0.0 

0.0 

0.0 

0.570 

0.343 

0.650 

0.0 

-3 : ''3000*07 

2.9600-01 

9.4000*06 

3 

0.0 

0.0 

0.0 

0.250 

0.5 00 

0.50 0 

0.0 

■ 3k 1 3000*07 

2.9600-01 

9.4000*06 

4 

5. 2000- 02 

9.90000-03 

5.50000-03 

0. 190 

.0.500 

0. 500 

0.0 

3. 13 000*07 

2.960D-01 

9-.400D *06 

•5 

0.0 

0.0 

0.0 

0.530 

0.590 

3il5Q 

0.0 

3 . 13000*07 

2.9600-0 1 

9.4000*06 

6 

0.0 

0.0 

0. 0 

0.875 

1.1 80 

1 . 180 

0.0 

3. 13000*07 

2 • 96 OD— 0 1 

9.4000*06 

7 

0.0 

0.0 

0.0 

0.4 37 

1 .180 

1.180 

0.0 

3. 1300D*07 

2.9600-01 

9.4000*06 

8 

0.0 

0.0 

0.0 

1-6SO 

1.180 

l . iao 

0.0 

3.13000*07 

2.9600-01 

9.4000*06 

9 

0.0 

0.0 

O 

• 

o 

-0.6-00 

-1.180 

2.400 

0.0 

3. 13000*07 

2.9600-01 

9.4000*06 

10 

0.0 

0.0 

0.0 

1.875 

.1.1-80 

.1. 180 

0.0 

3. 1 300D *07 

2.9600-01 

9.4000*06 

1 s 

0.0 

0.0 

0.0 

0.64.0 

1 .1 80 

1..1S0 

0.0 

3. 1 3 OQD *0 7 

2. 9600-01 

9 • 4 OQD *0 6 

12 

0.0 

0.0 

O 

• 

o 

0.500 

t • 060 

1.060 

0.0 

3. 13000*07 

2 • 96 OD— C 1 

9.4000*06 

13 

0.0 

0.0 

o 

• 

o 

0.110 

0.6 70 

0.67 0 

0.0 

3. 13000 *07 

2.9600-01 

9.4000*06 

14 

0.0 

0.0 

0.0 

0.380 

0.670 

0.670 

0.0 

3. 13000*07 

2.9600-01 

9.4000*06 

15 

1 . 0200-01 

2.20000-02 

1.80000-02 

0.490 

0.670 

0.300 

0.0 

3.13000*07 

2.9600-01 

9.4000*06 

16 

1 .8700-01 

1.61000-01 

8.60000-02 

0.750 

0.670 

0.30 0 

0.0 

3.13000*07 

2.960B— 0 1 

9.4000*06 

17 

0.0 

0.0 

0.0 

0.450 

0.670 

0.670 

0.0 

3.13000*07 

2.9600-01 

9.4000*06 

18 

0 .0 

0.0 

O 

• 

o 

0.150 

0.375 

0.375 

0.0 

3.13000*07 

2.9600-01 

9.4000+06 

19 

0.0 

0.0 

0.0 

0.190 

0.281 

0.281 

0.0 

3. 13000*07 

2. 9600-01 

9.4OOD*06 

20 

0.0 

0.0 

0.0 

o 

• 

o 

0.0 

o 

• 

o 

o 

fl 

o 

3. 13000*07 

2.9600-01 

9.4000*06 


BEARING STATIONS 

e .1 1 


30 MM SHAFT, 70900 RPM, C = .75 MILS, ALUMINUM TURBINE WHEEL 


* ROTOR PARAMETERS * 


WEIGHT OF SHAFT. 
WEIGHT OF OISCS. 
WEIGHT OF ROTOR. 

SHAFT LENGTH 

LOCATION OF C.G. 


2 . 9761 ) 1 ) 
1.77200 
• 4 . 71 ) 81 ) 1 ) 
10.62500 
4.37356 


Seal Runner 

Ip = 1.488 lb-in 2 

I t = 2.125 lb-in 2 


Thrust Funner 

— 2 
Ip = 0.401 lb-in 

2 

I t = 0.201 lb-in 


fiSKA 

■= ' 


f • » 


I » | -v* 

m.gK* mrX ^--20 


m**-* 

l ii . . i '-. 


» Jti* 


f «>•■% im«- 







TABLE 6-5 


50-MM LOX SEAL STABILITY ANALYSIS 



Growth 

Frequency 


Mode 

Factor 

rad/s (RPM) 

Shape 


Comments 


1 

-1139 

6,385 

( 60 , 983 ) 

2 

-2247 

7,966 

( 76 , 082 ) 

3 

- 980 

8,472 

( 80 , 921 ) 

4 

-4863 

8,978 

( 85 , 748 ) 

5 

-1028 

9,995 

( 95 , 459 ) 



Conical Rigid Body 



Some Bending 
Lateral Rigid Body 
Bending Mode 
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7.0 TEST FACILITY 


The helium seal testing was performed at Wyle Laboratory in Norco, California. 
Figures 7-1*, 7-2, and 7-3, provide several views of the test facility while 
Figures 7-4 and 7-5 are close-ups showing the tester installation. An overall 
view of the control room is shown in Figur" 7-6. The system control panel is 
depicted in Figure 7-7. 

The sections that follow provide a detailed description of the test facility 
including: 

• Fluid Supply Systems 

• Facility Controls 

• Instrumentation. 

7.1 Fluid SuppLy Systems 

Figure 7-8 is a simplified piping schematic of the fluid supply systems. The 
three major fluid systems supply gaseous helium to the buffer seals, liquid 
nitrogen to the tester bearings, and gaseous nitrogen to the tester drive 
turbine. Two additional systems supply gaseous helium to labyrinth buffer 
seals and gaseous nitrogen purges to the major fluid systems at various 
points . 


7.1.1 Helium Seal Supply System 

Gaseous helium is supplied to the facility from a 1550 m J (55,000 scfm) tank 
trailer at pressures ranging from 3.45 to 17.24 MPa (500 to 2500 psig). A line 
from the tank trailer connects to a tank located near the tester. 

The helium flow to the tester then passes through a 10 micron (nominal) line 
filter and then through a dome loader regulator valve (40). This reduces and 
controls the pressure of the helium to the range of 0 to 1724 kPa absolute (0 


*Figures are presented consecutively, beginning on page 7-15. 
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to 250 psia). ControL pressure to the dome Loader is adjusted using a motor- 
ized regulator remotely operated from the control room. 

The '"low then passes through a calibrated Venturi flowmeter. Pressure (P5) 
and temperature (T5) are measured at the inlet to the Venturi as is the pres- 
sure drop from the inlet to the throat of the Venturi (P20). These allow accu- 
rate measurement of the helium supply flow. The helium then goes to a 
manifold near the tester where the seal supply pressure ( P 1 2 ) is measured. 

The flow then splits into two lines and enters the tester (C9 A & B). In the 
tester, the flow again splits with some of the helium passing through the 
inboard seal ring and some through the outboard seal ring. The former joins 
with the bearing drain flow. The latter enters the outboard seal drain cavity 
and passes out through drain ports (CIO A, B, C). 

Pressure (P2) and temperature (T2) are measured in the drain line providing 
both seal drain conditions and inlet conditions for a second Venturi flowmeter 
located immediately downstream. The pressure drop across the Venturi (P18) is 
measured providing a record of the flow through the outboard seal. The 
inboard seal flow is derived and is equal to the supply flow minus the 
outboard seal flow. 

The helium drain flow then passes through a pneumatically actuated pressure 
control valve (8) and is vented to atmosphere through a standpipe. 'T’he 
control valve is used to set the drain pressure between 0 and 517 kPa absolute 
(75 psia), the latter being the nominal pressure of the bearing drain and 
hence the inboard helium seal. The valve is controlled either by a differen- 
tial controller using the bearing drain pressure (P3) as a reference or by 
directly controlling the pneumatic actuator with a remoteLy located hand regu- 
lator. The latter proved to be a more convenient method of incrementally 
reducing drain pressure during steady-state runs. 

7.1.2 LN 2 Bearing Supply System 

The LN 2 originates at an 41.6 m^ (11,000 gal) storage tank near the test site. 
Transfer pumps at the stc.age tank supply LN 2 through a vacuum jacketed line 
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to a 1.67 (440 gal) elevated run tank at the test site. The tank is 
equipped with an automatic level controller which operates the tank fill valve 
(17) and keeps the tank about 3/4 full during operation. A 76-mm (3-in.) vent 
maintains the run tank at near atmospheric pressure. 

A line from the bottom of the tank goes to the pump fill valve (15) which 
connects to the suction of a single stage boost pump. The discharge of the 
boost pump connects both to the suction of the high pressure vari-drive pump 
and a motorized bypass valve (16) leading back to the run tank. 

The vari-drive pump provides the high pressure LN 2 needed for operation of the 
hydrostatic thrust and journal bearings in the tester. It is motor driven 
through a variable speed mechanical transmission capable of operation from 314 
to 1152 rad/s (3,000 to 11 ,000r/min) . The pump is a two-stage centrifugal 
type capable of delivering 3.0 kg/s (60 gal/min) of LN 2 at pressures up to 
6.894 MPa (1000 psig). 

The output of the vari-drive pump flows through a check valve and a 10 micron 
(nominal) filter into the LN 2 manifold. The line is equipped with a burst 
disk designed to rupture at a pressure of 7.58 MPa (1100 psig) to prevent 
accidental overpressuring of the manifold. 

Two air-actuated control valves (5 and 6) connect to the manifold and supply 
LN 2 to the hydrostatic thrust and journal bearings, respectively. These are 
shown in Figure 7-2. Each valve is equipped with a controller which automat- 
ically maintains a bearing supply pressure of 4.14 MPa (600 psig). A third 
air-actuated control valve (2) is installed in the LN 2 supply manifold and 
provides a bypass back to the run tank. It is controlled by a remotely oper- 
ated, motorized regulator and set in conjunction with the speed of the 
vari-drive pump to provide a flow sufficient for the bearings. 

Each of the two bearing supply valves is connected to a supply manifold next 
to the tester. These are shown in Figures 7-4 and 7-5. Eight lines connect 
each manifold with the corresponding supply ports on the tester: C3 A, B, C, D 
and C8 A, B, G, D for the journal bearings and C5 A, B, C, D and C6 A, B, C, D 
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for the thrust bearings. Each of the 16 lines is equipped with a 60-micron 
line filter to prevent bearing contamination. 

The tester is equipped with three groups of bearing drains. These are shown 
m Figure 7-3. Lines from five thrust bearing drain ports (C13 A, B, C, D, E) 
and three seal end journal bearing drain ports (C14 A, B, C) connect to a 
common manifold. Drain pressure (P3) and temperature (T3) are then measured 
in the line which is connected to an air-actuated drain valve (10). The valve 
connects to a common return line to the run tank. The pressure upstream of the 
valve is automatically controlled ‘o about 68.9 kPa (10 psi) above the satu- 
ration pressure of the fluid to prevent vaporization in the tester. 

The third drain (C15 A, B, C) collects a mixture of LN 2 from the turbine-side 
journal bearing and the helium from the adjacent labyrinth buffer seal. The 
line is instrumented for pressure (P4) and temperature (T4) and connected to 
an air-actuated droin valve (11). As with the other drain line, pressure is 
tuaintained at about t'8.9 kPa (10 psi) above saturation pressure. 

7.1.3 GN 2 Turbine Supply System 

High-pressure GN 2 is stored in a battery of tank trailers near the test site. 
A line from the trailers goes to a dome loader regulator (39) which reduces 
the GN 2 pressure to the range of 1724 to 2068 kPa (250 to 300 psig). A run 
tank downstream of the regulator provides a local capacity. This is followed 
by a 10-micron filter. The Gl ’2 flow then passes through two control valves 
(12 and 14), splits and enters the turbine through two diametrically opposed 
ports (Cl A, B). The turbine exhausts to atmosphere through a short tail 
piece. 

The first valve (12) throttles the flow to maintain desired speed. It is 
pneumatically actuated and can be controlled in manual or automatic mode. The 
second valve (14) is an emergency shutdown valve. It is a fast-acting air 
solenoid type requiring air pressure to open. It is equipped with a spring 
which closes the valve on loss of air. A.’ r pressure is supplied by a remotely 
operated electric solenoid valve designed to close on loss of power. 


7-4 


The emergency shutdown valve (14) is used to perform the high acceleration 
rate testing. To make a fast start, the speed control is switched to the manu- 
al mode and the diaphragm pressure of the speed control valve (12) adjusted to 
provide the correct start-up flow. The actual setting is determined by trial 
and error. Both tester overspeed trips are then lowered to slightly under the 
maximum speed desired for the acceleration run. The emergency shutdown valve 
is then manually energized. The valve quickly opens and the in-rush of gas 
rapidly accelerates the turbine. Upon reaching the maximum speed, the valve 
is closed by the overspeed trip and the tester coasts down. 

7.1.4 Helium Supply to Labyrinth Seal 

The labyrinth seals are supplied by the same tank trailer that supplies the 
helium seals. A separate line connects to the tank located near the tester. 
The line goes to a 10-micron filter, then to dome loader regulator (41). The 
downstream pressure is set to provide a 69 to 138 kPa (10 to 20 psi) pressure 
difference between the labyrinth supply and the adjacent journal bearing 
drain. This results in a typical labyrinth supply pressure of 517 to 586 kPa 
absolute (75 to 85 psia). A pressure sensor ( P 1 1 ) is installed in the line 
which connects to the tester at C16. Inside the tester, part of the flow goes 
toward the adjacent journal bearing and mixes with the LN 2 bearing flow. The 
combined fluids drain out through ports C15 A, B, C. (See Section 7.1.2.) The 
other part goes toward the turbine, joins with a small leakage flow from the 
turbine and exits the tester at ports C17 A, B, C, D. The connecting drain 
lines join at a manifold and vent to atmosphere. 

The original design of the tester used GN 2 as the buffer gas for the labyrinth 
seal. It was found during checkout, however, that some of the GN 2 was 
condensing and forming puddles of LN 2 which ran into the turbine. The problem 
was solved by changing the buffer gas to helium which has a much lower conden- 
sation temperature. 

7.1.5 GN 2 Purge 

The facility contains four GN 2 purge lines These were used before and after 
all tests to prevent moisture contamination. Purge gas is supplied by a 
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862 kPa (125 psia) GN 2 instrument manifold supplied by the high-pressure GN 2 
tank trailers through a reducing regulator. The manifold is filtered with a 
10-micron (nominal) filter. Each purge line is equipped with a regulator 
followed by a remotely operated electric solenoid valve and a check valve. 
This allows individual flow rates to be set and independent operation of each 
line. One purge line goes to the helium seal drain cavity and a second to the 
labyrinth 3eal supply line. A third line is connected to the LN 2 supply mani- 
fold while a fourth goes to the turbine inlet. The latter proved to be very 
important because of the open exhaust on the turbine. 

7.2 Controls 


Due to the hazardous nature of the testing (especially in the LOX mode), all 
fluid components requiring on/off operation or adjustment during operation of 
the facility are designed for remote or automatic control. In addition, vari- 
ous automatic shutdowns are incorporated in the controls. 

Remote control is accomplished by on/off operation of a series of 12-V dc 
relays. The switches which energize the relays are in a panel in the control 
room which is shown in Figure 7-7. The relays reside in a terminal box at the 
test site and energize 110-V ac circuits. 

All four purge valves (19, 20, 21, 22) and the drain controls air supply valve 
(18) are electric solenoid valves directly controlled by 110-V ac circuits. 
The pump fill (15), tank fill (17) and turbine trip (14) valves are air-oper- 
ated solenoid valves. The air to operate the air soLenoids is controlled by 
electric solenoid valves energized by the 110-V ac relays. For the boost pump 
and vari-drive pump, the 110-V ac relays operate 440-V ac motor starting 
circuits . 

Control of the adjustable position valves and vari-drive speed control is 
accomplished using double-throw, momentary-contact, center-off switches. 
With the switch thrown in one direction, one of a pair of 12-V dc relays is 
energized. Thrown in the opposite direction the other relay is energized. 
One relay causes a gear motor to slowly rotate in one direction increasing a 
valve or motor speed setting while the other relay causes reverse rotation of 
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the same gear motor, decreasing the setting. For the vari-drive pump speed 
control is implemented by the gear motor changing belt pulley ratio in the 
transmission. The pump bypass valve (16) is adjusted by direct rotation of a 
ball valve. The LN 2 manifold bypass valve (2), helium seal supply regulator 
(25), labyrinth seal supply regulator (24), and turbine speed control (manual 
mode only) valve (12) are air-actuated devices whose settings are controlled 
indirectly by motorized regulators, themselves operated in the manner 
described. 

Several emergency shutdowns are incorporated. Emergency shutdown of the test- 
er is achieved by de-energizing the turbine trip solenoid. This can be done 
manually by a switch on the control panel or automatically by alarm modules 
operating on selected parameters. These include: 

• Overspeed (SI) 

• Overspeed (S2) 

• High outboard seal surface temperature (T12) 

• High inboard seal surface temperature (T13) 

• High tester housing vibration - axial (XI) 

• High tester housing vibration - radial (X2) 

• Low thrust bearing supply pressure (P14) 

• Low journal bearing supply pressure (P13) 

Each alarm contains a normally closed contact in series with the 12-V dc relay 
controlling the turbine trip valve (14). If any limit is exceeded, the 
turbine is tripped. All alarms operate in a latching mode requiring a manual 
reset before the trip valve can be re-energized. 

An emergency facility shutdown circuit and LN 2 deluge system are also built 
in. They are controlled by separate switches on the control panel and are 
designed as safeguards to be used in the event of a fire or similar catastro- 
phy during LOX testing. Opening the emergency shutdown switch shuts off the 
power to many of the 12-V dc relay circuits. This trips the turbine; shuts 
down both pumps; closes both the LN 2 tank fill and pump fill valves; and opens 
all LN 2 drain valves. Opening the LN 2 deluge switch opens an air solenoid 
valve admitting 172 to 207 kPa (25 to 30 psig) LN 2 to a perforated manifold 
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adjacent to the tester, A massive flow of LN 2 inundates the tester area and 
would help to smother an oxygen fire. 

Three automatic control systems are incorporated in the test facility. One 
controls turbine speed while the other two are identical and control the pres- 
sure in each of two bearing drain lines. 

The turbine speed control system allows either manual or automatic operation. 
In the manual mode, the pressure in the diaphragm of the speed control valve 
(12) and, hence, the GH 2 flow and turbine speed, is set using a motorized 
regulator operated from the control panel. This mode was used for all slow 
speed starts and was found to be quite satisfactory at high speeds. 

In the automatic mode, the valve is controlled by Woodward Model 2301 elec- 
tronic governor operating in conjunction with a valve positioner. The desired 
speed is set using a potentiometer connected to the governor. A speed signal 
(SI) from the tester is electronically compared with the speed setting. The 
difference or error signal is then amplified and sent to the positioner which 
changes the diaphragm ptessure to raise or lower the tester speed to equal the 
desired setting. 

The LN 2 drain pressure control system is used to automatically control the 
pressure upstream of the drain valve to about 69 kPa (10 psia) greater than 
the saturation pressure. A vapor bulb in the drain line is charged with 
nitrogen gas prior to cold testing. The charge pressure is calculated such 
that the fluid in the bulb is a mixture of gas and liquid throughout the entire 
range of drain temperatures during cold operation. Since the bulb and the 
drain fluids are at a common temperature and the bulb fluid is two-phase, the 
bulb pressure is also the saturation pressure of the drain fluid. The bulb 
pressure and the actual drain pressures are then measured by a differential 
transducer. The output signal of the transducer is fed back to the differen- 
tial controller which compares it with the desired 69 kPa (10 psia) pressure 
difference and adjusts the setting of the drain control valve to raise or 
lower the drain pressure accordingly. 
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7,3 Instrumentation 


Instrumentation was installed to measure film thickness, shaft displacement, 
shaft speed, tester vibration and various temperatures, pressures, and flows. 
Table 7-1* provides measurement and sensor details. The identification code 
indicates the type of sensor and its number; e.g., P5 is Pressure Number 5. 
The location code indicates whether the sensor is in the test rig (T) or 
installed externally (E). Those installed in the test rig are shown in Figure 
7-9 while the external sensors are depicted in the piping schematic shown in 
Figure 7-8. The test code indicates the tests during which the sensors were 
used; e.g., A - all, 1 - seal test No. 1, etc. The following sections discuss 
the measurement and sensor types. 

7.3.1 Film Thickness and Shaft Displacement 


Special design capacitance probes supported byMTI's Accumeasure* System 1000 
amplifying and conditioning components were used for these measurements. 
Specifications for the Accumeasure System 1000 are given in Table 7-2. 

The basic construction features of the capacitance probes are shown in Figure 
7-10. Due to the large temperature range and anticipated future use in liquid 
oxygen, special materials are used in their construction. The seal film 
thickness probes are constructed using 42% iron-nickel. This was chosen 
because its expansion rate is very close to that of the carbon-graphite now 
used in the helium seal rings. The shaft displacement prr.bes are fabricated 
from 304 stainless steel which provides good low temperature properties and a 
suitable expansion rate. 

Eccobond 104 epoxy manufactured by Emerson Cummings is used to bond the inter- 
nal parts together. The proper choice of adhesives was of great concern 
because of the need for good dimensional stability and high bond strength when 
subjected to repeated thermal cycling. Eccobond 104 proved to be considerably 
stronger and harder than several other epoxies and polyurethane adhesives that 


*Tables are presented consecutively, beginning on page 7-30. 
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were screened during Che design stage. Additionally, it was found to retain 
most, of its bond strength when used in a typical probe construction and 
repeatedly cycled between 21°C and -196°C (70°F and -321°F). 

While no LOX was used during the helium seal testing, the probes were designed 
with its use in mind for future work. The principal hazard is material 
ignition. The metal parts are quite safe due to their high ignition temper- 
atures and high thermal conductivity. The epoxy, however, is highly combusti- 
ble and definitely an area of vulnerability. To minimize this hazard, 
Refset" 1 , a special fluoroelastomer compounded by Raybestos Manhattan Corpo- 
ration, is used as a protective overcoating, both in the interelectrode 
grooves at the top of the probes and near the connector on the other end. The 
material was developed specifically to be used as a protective barrier and 
will not burn in an oxygen atmosphere. 

7.3.2 Seal Film Thickness Probes 


Two methods were used to measure seal film thickness during the testing. One 
uses a differential approach while the other provides a direct measurement. 
The former employs two probes for each measurement, one observing the back of 
the seal ring and the other the surface of the seal runner. The film thickness 
is derived by measuring the difference between the outputs. Both vertical and 
horizontal measurements are taken on both the inboard and outboard seal rings. 
Two common seal runner probes are used, one serving both the inboard and 
outboard seal probes in the vertical direction and the other providing a simi- 
lar arrangement in the horizontal orientation. Figure 7-11 shows the differ- 
ential probe installation. 

The probe has an outer tip diameter of 5.0 mm (0.197 in.) and an interelec- 
trode diameter of 2.67 mm (0.105 in.). It is calibrated to have a range of 
0.127 mm (0.005 in.) in air or helium. Figure 7-12 shows the detailed 
construction which followed MTl's standard practice and used the materials 
previously discussed. 
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The differential method, which was employed during the first three seal tests, 
proved troublesome and yielded poorer results than we had hoped for. Several 
of the problems encountered are described as follows: 

1. Thermal Distortion of the Runner. With LN 2 surrounding the inboard 
face and gaseous helium on the outboard side, the runner assumes the 
shape of a truncated cone. Thus with the reference probe measuring 
at the center rather than under the seal rings, the inboard seal film 
thickness would be understated while the outboard seal film thick- 
ness would be overstated. In either case, the amount is estimated to 
be about 0.0056 to 0.0085 mm (0.0002 to 0.0003 in.). 

2. Thermal Distortion of the Seal Housing. This is due to the temper- 
ature gradient across the seal housing resulting in the probes which 
are located closer to the bearings; i.e., the cold section of the 
tester, moving closer to their target than the more outboard probes. 
This has an opposite effect to that caused by the runner and tends to 
overstate the inboard film thickness and understate the outboard 
film thickness. The amount is a direct function of the temperature 
difference between probes (seal probes and runner probes) and is 
about 0.00183 mm/°C (0.00004 in./°F). 

A direct measurement of seal film thickness using embedded probes in the outer 
seal ring was made during the last seal test. Refer to Figure 2-23 for the 
arrangement and to Figure 2-24 for a photo of the actual ring. The tip geom- 
etry provides for a range of 0.076 mm (0.003 in.) The lead-off cables consist 
of 0.33 mm (0.013 in) diameter copper-clad cable chosen to minimize the 
mechanical impedance imposed on the seal ring. The diametraLly opposed probe 
pairs allow measurement not only of the instantaneous film thickness but also 
the mean film thickness and the ring eccentricity. The 1.22 to 1.92 rad (70° 
to 110°) angular spacing of the probes is needed to avoid drilling through one 
of the three antirotation slots in the seal ring and to place the probe tips in 
the bearing pockets. The metal parts of the probe are constructed of 42% 
iron-nickel alloy to match the expansion rate of the seal ring. 
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7 . 3. 3 Shaft Pi 3 pl aceme nt P rob es 

Five probes are installed to observe the shaft, four radial and one axial. 
The radial shaft probes are installed in x-y pairs slightly inboard of the 
hydrostatic journal bearings. The probes are mounted in extension tubes and 
secured to and adjustable from the outside of the tester. The axial, probe is 
installed in the seal cavity and observes the edge of the helium seal runner 
as shown in Figure 7-11. 

The radial probes have an outer diameter of 5.00 mm (0.197 in.) while the 
axial probe has a diameter of 3.18 mm (0.125 in.). The latter is constructed 
without a grounded outer shield and has a smaller inner electrode to accommo- 
date a space restriction. Both sizes of probes are calibrated to have a range 
of 0.12/ mm (0.005 in.) in air and 0.191 mm (0.0075 in.) in LN2. Figure 7-12 
shows the detailed construction of each probe. 

7.3.4 Shaft Speed 

Shaft speed is measured using two separate probes. A Bently-Nevada Model 300 
eddy-current probe is mounted thorugh a radial hole to observe a notch 
machined into the outer diameter of the thrust collar. The second probe 
consists of a Spectral Dynamics Model SD43-GPT-1 fiber optic probe mounted 
through the turbine casing to observe a single bright mark on the turbine nose 
cone. Both speed measurements are independently connected to readouts and 
automated shutdowns. 

7.3.5 Vibration 


Two Endevco piezoelectric accelerometers are stud-mounted to the seal end of 
the test rig. One sensor is fixed in the vertical direction and the other in 
the axial direction. The accelerometers are connected to oscilloscope read- 
outs and automatic shutdown devices. 
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7.3.6 Pressures 


Validyne Model DP-15 variable reluctance pressure transducers are used to 
measure fluid pressures. Meter readouts or strip chart recordings are 
provided. Bearing supply pressures are additionally connected to low pressure 
automatic shutdowns. 

7.3.7 Flows 


Both the helium seal supply flow and the outboard seal leakage flow are meas- 
ured using calibrated Venturi flow meters. The flow meter pressure drops are 
sensed with variable reluctance pressure transducers operating in a differen- 
tial mode. The inboard seal flow is derived as the difference between the 
supply and the outboard drain flows. 

7.3.8 Temperatures 

Copper constantan thermocouples are employed. Fluid temperatures are meas- 
ured using sheath-type sensors inserted in the flow stream through 
pressure-tight fittings. Seal ring surface temperatures are sensed using 
small diameter embedded thermocouples. 

7.3.9 Data Acquisition Equipmen t 

Figures 7-6 and 7-13 provide an overall view of the control room and a simpli- 
fied schematic of the data acquisition equipment, respectively. Detailed 
schematics of the instrumentation system are provided in Appendix B. 

Oscilloscopes are the principal means for monitoring the dynamic data from the 
test rig. They provide x-y displays of the radial capacitance probes to show 
rotor orbital motion and position with respect to the bearing at each end of 
the rotor and vertical and horizontal seal film thickness at both inboard and 
outboard seals. Dual trace swept oscilloscope displays are provided for test 
rig housing vibration. One speed signal is displayed on a panel meter, while 
the other Is recorded on a strip chart recorder. 
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A Honeywell Model 101 28-channel FM magnetic tape recorder is used to record 
all dynamic test data. A time code is also recorded to permit synchronizing 
the tape recorder with the data logger. 

Static data consisting of pressures, temperatures, and flows are individually 
displayed in the control room using panel meters and a strip chart recorder. 
Some of the panel meters are equipped with alarms to provide automatic hut- 
down in selected parameters. 

A Fluke Model 2280 data logger is used as the principal means of recording 
test data. All test parameters excepting test rig vibration are included. 
Data signals are serially recorded with a full scan cycle of 2 to 3 s. The' 
value of each test parameter along with the time at which the data scan is 
initiated is transmitted through an RS-232 digital output to a Columbia Data 
Products Model 300D digital cassette recorder tape storage system. Digital 
cassette recordings of test runs are played back and entered into MTl's IBM 
4341 mainframe computer system for analysis. 
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TABLE 7-2 


MTI ACCUMEASURE™ SYSTEM 1000 
REQUIREMENTS AND SPECIFICATIONS 


Requirements 

Probes: (22) All Special Design 

Amplifiers: (11) AS1023-PA Probe Amplifiers 

(1) AS1041-SA Summing Amplifiers 

(2) AS1032-MD Analog Display Unit 


Housings: (2) AS1011-H Instrument Housings 


Specifications 

Probe Amplifier (AS1023-PA) 


Linearity: 

±0.3Z of Range, 10-100? Range 
( 25— f t Cable) 

Frequency Response: 3 db at 5 kHz 

Output Noise: 

40 mv Peak-to-Peak at Full Scale 

Probe Voltage: 

5 V rms Maximum 

Output Signal: 

±10 V dc, 100-ohm Output Resistance 

Summing Amplifier (AS1050-SA) 

No. of Channels 

: Two Channels Summing to One Output 

Cain: 

Unit ±0.1Z 

Output Signal: 

±10 V dc 

Analog Display Unit 

(AS1032-MD) 


Meter: 0-100Z Vertical Scale 

Accuracy: 2Z 
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8.C TEST PLAN FOR THE RAYLEICH-STEP, HELIUM BUFFER SEAL 


The program called for Che testing of Che following Cwo Cypes and sizes of 

seals: 

1. 50-mm and 20-mm spiral-groove LOX face seals 

2. 50-mm and 20-mm Rayleigh-step, helium buffer floacing ring seals. 

Due co budgeCary consCraints, only Che 50-mm helium seals were cesced. In 
accordance wich Che final CesC plan, four seal packages were installed and 
cesced. 

8.1 Tesc Description 

Four types of tests were co be conducted on Che seal packages consisting of: 

1. Normal steady-state demonstration test runs 

2. Acceleration test runs 

3. Test runs with axial runout built into the LOX seal mating ring 

4. Test runs with axial motion imposed on the shaft 

All runs were to be conducted in LN 2 and repeated in LOX after verifying the 
operational integrity of the test rig and seal package. Because the testing 
was cut back to include only the helium seals, several of the above program 
features were eliminated. The test runs imposing axial runout and externally 
applied axial motion were eliminated because the motion was not relevant to 
the operation of the helium seals which are sensitive only co shaft motion in 
the radial direction. Secondly, because the seal working fluid was helium, 
the use of LOX to energize Che test rig bearings was not necessary. Thus, LN 2 
was used instead, eliminating the need to repeat runs and greatly reducing the 
risk of fire. 

8.1.1 Steady-State Tests 


These tests were planned to prove the basic operational ability of the seals. 
This provided the opportunity to test the seal's endurance and to exper- 
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imentally examine Che parameCric relationships governing acCual performance. 
The former addressed Che specific program objective which requires one hour of 
cumulative test time on each of three seals with at least one half of the total 
test time at a shaft speed of 7329 rad/s (70.000 r/min) and a supply pressure 
of 1379 kPa absolute (200 psia). The latter provided the necessary basis to 
verify the theoretical analyses used in Che design stage, also a requirement 
of the program. 

While the design requirements of 1379 kPa absolute (200 psia) supply pressure 
and 7329 rad/s (70,000 r/min) shaft speed were clearly the operational goals 
of the testing, preliminary operation at lower speeds and pressures was neces- 
sary to gain a clear understanding of the mechanisms at work and to minimize 
the risk of damage either to the seals or the test rig. Thus, the testing was 
conducted in a step-by-step manner proceeding from relatively safe operating 
points to conditions more and more demanding of the seals. Figure 8-1* shows 
the seal operating map which illustrates a typical sequence of test points. 

The principal test variables were helium supply pressure, speed, inboard drain 
pressure, and outboard drain pressure. Their selection is discussed below: 

1. Helium Supply Pressure. A full range of supply pressures was planned for 
each speed going from a minimum of slightly over the inboard drain pres- 
sure, about 517 kPa absolute (75 psia) to the full design pressure of 1379 
kPa absolute (200 psia). The progression of supply pressures generaly 
went from low to high at given operating speeds. As the test speeds 
increased, so did both the minimum and maximum value of the supply pres- 
sures . 

2. Speed . Because low speeds do not favor the development of good hydrody- 
namic films, the minimum dwell speed was arbitrarily set at 3665 rad/s 
(35,000 r/min). During all starts the tester was to be quickly brought up 
to this speed before steady-state operation was attempted. The speed was 


♦Figures are presented consecutively, beginning on page 8-14. 
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Chen Co be increased in increments of 524 rad/s (5000 r/min), Caking daca 
ac each dwell point up Co Che design speed of 7329 rad/s (70,000 r/min). 

In practice, dynamic problems in Che cescer restricted safe operation to 
between 4712 rad/s (45,000 r/min) and 5235 rad/s (50,000 r/min). Thus, 
for the first three seal sets 3665 rad/s (35,000 r/min), 4118 rad/s 
(40,000 r/min) and 4712 rad/s (45,000 r/min) were selecced as Che primary 
dwell speeds. Because of test rig modifications, it was hoped that the 
fourth seal test would achieve higher speeds. Actual operation did extend 
Co 5968 rad/s (57,000 r/min); however, higher speeds were precluded by a 
seal failure. 

3. Inboard Drain Pressure. Since Che helium flowing through the inboard seal 
mixed with Che adjacenc LN 2 bearing leakage flow, its pressure was Che 
same as Che main bearing drain of Che Cest rig and was thus dependent on 
teiit rig operation. Actual values were 517 kPa absolute (75 psia) 
although variations of ±35 kPa (5 psia) were observed. After Che addition 
of Che labyrinth seal prior Co Che fourth seal cest, the drain pressure 
was boosted to 637 kPa absolute (92 psia) because of the need to maintain 
an intermediate pressure in the newly created cavity. 

Lacking arbitrary control of the inboard drain pressure posed several 
problems. The principal concern was that it limited the minimum supply 
pressure that could be applied. From Figure 8-1, it is easily seen that 
the range of drain pressures clearly eliminated most of the "safe" region 
for lower test speeds forcing most of the operation into the "high fric- 
tion" region. Secondly, while the frictional forces were a function of 
the absolute suppLy pressure, the leakage flows were more closely associ- 
ated with the pressure drop across the seal. The high drain pressure thus 
presented a built-in imbalance resulting in a high-friction, low-flow 
condition at any suppLy pressure. 

4. Outboard Drain Pressure. The helium exiting the outboard seal went to a 
separate, independently controlled drain. The pressure drop across this 
seal could thus be controlled to the same value as the inboard seal or 
increased up to the gage pressure of the suppLy. The latter would tend to 


8-3 


increase the flow and morn closely approximate the operating conditions 
envisioned during the design- Thus, it was planned to increment the 
outboard drain pressure from 517 kPa absolute ( / 5 psia) to 103 kPa abso- 
lute (15 psia) during the testing- This permitted the study of a much 
wider range of outboard seal flow conditions than could be achieved with 
the inboard seal . 

8.1.2 Acceleration Tests 


These tests were planned to demonstrate the ability of the seals to survive 
repeated start-ups at high rates of acceleration with full supply pressure 
applied at the start of the run. The program required two seal sets to be 
subjected to at least 50 starts each at an average rate of 152 m/s 4 (500 
f t/s^) . 

Because of the tester dynamics problem, the acceleration runs which were 
conducted on the second and third seal sets were terminated between 4188 and 
4712 rad/s (40,000 and 45,000 r/min.) A. . starts were at a nominal rate of 500 
ft/s 4 resulting in an acceleration time of about 0.7 to 0.8 s. The acceler- 
ation tests were conducted after the completion of the steady-state runs. 

The helium supply pressures applied during the fast starts were increased over 
the course of the two test series. The first series conducted on Seal Set No. 
2 were at a pressure of 931 kPa absolute (135 psia). Those on the third ,eal 
set were done at several pressures progressing from 1069 to 1482 kPa absolute 
(155 to 215 psia) . 

The planned operating scheme consisted of switching on the solenoid operated 
trip valve (14), accelerating the test rig and then switching the valve off 
using an overspeed circuit. This resulted in a controlled acceleration 
followed immediately by a coastdown. 

Because the acceleration runs would be very brief, no steady-state data could 
be taken to assess the condition of the seals to determine if any damage had 
taken place. Thus, periodic conventional starts were planned to allow the 
tester to run for a period of ^5 min and achieve steady state conditions. 
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8.2 Test Schedules 


Tables 8-1 to 8-6* present the test schedules describing the steady-state runs 
for Seal Sets No. 1 - No. 4 and the acceleration tests for Seal Sets No. 2 and 
No. 3. 


The test schedules were based on several important considerations: (1) the 
final test plan (2) the results of the test rig checkout tests and (3) the 
results of the ongoing seal tests. The final schedule for each seal set was 
written just before the test and tailored to the latest test results. This 
was done to maximize the experimental yield and minimize the risk of damage to 
both the seals and the test rig. Some changes were also made during the actual 
testing. These consisted primarily of eliminating data points at conditions 
of high vibration although several other insitu modifications were also imple- 
mented . 

8.3 Test Procedures 


8.3 .1 Prepa rati on o f Test Rig at MTI 

All test rig parts were checked for dimensional and material conformity in 
accordance with MTI 1 s quality assurance program. All test seal parts were 
given a complete dimensional inspection by Stein Seal Company at their facili- 
ties in Philadelphia, PA. The inspection reports are fully documented and 
available for NASA review. 

The test rig was completely assembled including the instrumentation and the 
50-mm helium seals to make sure there were no problems with anticipated 
fitting of parts. The rig was then disassembled, cleaned, reassembled, crat- 
ed, and shipped to the test lab. 


*Tables are presented consecutively, beginning on page 8-17. 
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8.3.2 Preparation of Test Facility and Test Rig at Uyle Laboratories 


A C«sC sice was prepared including all Case loop components, transducers, 
control room, and connections to the required fluid storage facilities. An 
area for the test rig assembly, inspection, and parts storage was also set up. 
All test loop instrumentation was calibrated in accordance with the procedure 
in Section 8.3.3 prior to installation in the cast loop and at various times 
during the course of the testing. All test loop components were thoroughly 
cleaned. The tester was then assembled in the test loop. All equipment was 
thoroughly checked out and debugged, including verifying all instrument 
connections to the control room and exercising all controls. 

8.3.3 Test Facility Operating Procedures 

During the design and checkout of Che test facility, a detailed operating 
procedure was developed. This covered all steps from initial energising of 
the facility to the point of establishing stable minimum speed operation, and 
from the point the test rig was shut down to the final shutdown of the facili- 
ty. The procedure during the runs was covered by the individual test sched- 
ules. The operating procedure follows: 

1. Open LN 2 supply line (# 62) 

2. Pressurise main LN 2 storage tank to 0.17 MPa (23 psig) (# 61) 

3. Open LN 2 run tank fill valve* (# 17, # 43) 

4. Verify tank filling. 

3. Record CN 2 trailer pressure 

6. Record CHe trailer pressure 

7. Record CN 2 shop supply pressure 

8. Record vapor bulb pressure 0.21 MPa (30 psig) 

9. Lock off vapor bulbs. 

10. Record flow meter sizes 

11. Open CN 2 shop supply valve to manifold (#38) 


*A, B indicates valve to be operated. Valve A is principal valve; Valve B, 
where applicable, controls action of Valve A. 
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12. Verily control panel switches in pre-i est position 

13. Activate control panel using key switch 

14. Verify main alarm indicator light is in trip mode 

15. Set all motorized regulators and valves with momentary switches to 
pre-test conditions 

16. Verify transducers zeroed and B-nuts torqued 

17. Verify transducer isolation valves open 

18. Turn on and verify operation of all instruments at test site 

19. Verify all alarms are in latching mode 

20. Open and verify purges: labyrinth seal supply, LN 2 manifold, test seal 

cavity, turbine. 

21. Open pump fill solenoid valve (#15, #44) 

22. Close pump bypass pressure control valve (#16) 

23. Close I.N 2 supply manifold bypass pressure control valve (#2, #23) 

24. Allow 15 min. for purge of LN 2 manifold and tester 

25. Verify deluge hand valve (#52) closed 

26. Verify GN 2 turbine run tank, is at 0 psig 

27. Perform ambient accelerometer tap check 

28. Verify manual turbine speed control regulator (#31) is at zero pressure 

29. Verify turbine control valve (#12) and turbine trip valve (#14) are closed 

30. Verify power plug disconnected from turbine trip solenoid (#29) 

31. Verify GN 2 run tank regulator (#39, #34) closed 

32. Verify GN 2 supply trailers (2 each) are open 

33. Slowly pressurize GN 2 turoine run tank to 100 psig using hand regulator 
(#34) on dome loader (#39) 

34. Verify no flow to turbine 

35. Verify GHe supply pressure regulator #25 is fully closed 

36. Slowly open GHe ullage and verify no flow to P5 or Pll 

37. Open GHe supply from trailers 

38. Close purge labyrinth seal supply and purge test seal cavity. 

39. Open labyrinth seal supply (#41, #24) until Pll is MPa (10 psig). 

40. Turn on hydraulic breaker and pump. 

41. Verify hydraulic supply pressure is 0.52 MPa (75 psig) 

42. Open GHe supply regulator (#40, #25) until P5 is 0.28 MPa (40 psig) 

43. Start Soltec recorder 

44. Adjust GHe manual control (Z) pot until P12 is 0.21 MPa (30 psig) 
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43. Verify P12 • 0.21 MPa (30 pti|) 

46. Verify LN 2 run tank full 

47. Cloae purge solenoid (3) LN 2 manifold 

48. Verify tank level control setting 

49. FulLy open pump bypass valve (#16) and verify 

30. Fully open LN 2 supply manifold bypass valve (#2, #23) 

31. Close valves #3 and #6 

32. Clear test pad area 

33. Turn on boost pump breaker 

34. Start boost pump 

33. Increase LN 2 supply manifold pressure PI to 0.28 MPa (40 psig) using pump 
bypass pressure control valve (#16). 

36. Verify no fluid leaks 

37. When Tl is less than -183°C (-301°F), begin cool down of tester by opening 
valves #3 and #6 

58. Verify tester chilldown, record T6, T7, T8, and T9. 

59. Perform a cold turbine torque check 

60. Perform a cold accelerometer tap check 

61. Close pump bypass pressure control valve (#16) completely 

62. Verify varidrive speed control at minimum 

63. Verify turbine trip solenoid valve switch is closed 

64. Verify turbine trip solenoid valve ('14, #29) is closed 

65. Increase setting of labyrinth seal supply regulator (#24) on dome loader 
(#41) until Pll is 0.52 MPa (75 psig) 

66. Turn on varidrive breaker 

67. Clear test pad area 

68. Start varidrive 

69. Fully close bypass valve #2 

70. Increase varidrive speed to set PI to 1. MPa (150 psig) 

71. Increase pressure in CN 2 turbine run tank to 2.41 MPa (350 psig) using 
hand regulator (#34) on dome loader (#39) 

72. Verify no flow to turbine 

73. Increase CHe manifold P5 to 1.04 MPa (150 psig) 

74. Open drain valves air supply valve (#18) 

75. Verify controller #68 and #69 at proper pressure 

76. Verify that P2 * P3 psig 
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77. Varify that P12 ■ P2 ♦ 0.21 MPa (30 paig) 

78. Perform cold turbine torque check. 

79. Plug in power lead co Curbina crip solenoid 

80. Clear case pad area 

81. Slowly increase varidrive speed Co bring PI co 4.14 MPa (600 psig) 

82. Varify P13 and P14 are at lease 3.80 MPa (330 psig) 

83. Varify P2, P3 and P4 are at chair proper pressures 

84. Varify P6, P7, P8, P9 are at Chair proper pressures 
83. Zero capacitance probe amplifiers 

86. Verify Honeywell Cape recorder ready 

87. Verify Fluke dace logger and Columbia digital recorder ready wich normal 
scan group sequence 

88. Stare data logger/digital recorder 

89. Verify all test personnel ready 

90. Verify turoine control mode switch set to center-off position 

91. Reset all alarms except turbine trip 

92. Verify alarms are set by observing main alarm indicator light 

93. Set manual speed control valve (#26) to minimum 

94. Verify manual speed control pressure is zero 

93. Verify auto speed control potentiometer set to provide minimum speed 

96. Verify auto speed control pressure is zero 

97. Announce "ready to start" 

98. Start Honeywell recorder 

99. Switch turbine trip solenoid to ON position 

100. Switch turbine speed control mode to manual and slowly increase manual 
control pressure until turbine starts to rotate 

101. Verify SI and S2 operation 

102. Using manual speed control switch, ramp speed to 3665 rad/s (35,000 
r/min) 

103. Verify manual control pressure are equal 

104. Switch turbine control mode to auto 

105. Using auto speed control potentiometer, adjust turbine speed to 3665 
rad/s (35,000 r/min) 

106. Verify stable operation 

107. Adj'ist CHe manual control (Z) pot for 0.0 VDC 

108. Increase P5 to 2.41 MPa (350 psig) 
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109. Follow ■scheduled test plan 

110. Adjust CHe manual control (Z) pot tor 0.5 VDC 

111. Turn turbine trip solenoid (#14, #25) off 

112. Turn turbine control mode switch to center-off position. 

113. Open purge solenoid (2) turbine 

114. Set manual speed control valve (#26) to minimum 

115. Allow all recorders to run until speed reaches zero 

116. Switch Honeywell recorder and data logger/digital recorder off 

117. Decrease varidrive speed to minimum 

118. Perform cold turbine torque check 

119. Switch varidrive off 

120. Switch boost pump off 

121. Unplug power lead to turbine trip solenoid 

122. Close drain valve air supply solenoid (#18) 

123. Verify P2 , P3, P4 at zero pressure 

124. Decrease setting of labyrinth seal supply regulator (#41, #24) until Pll 
is 0.06 MPa (10 ps lg ) 

125. Ve-ify P12 - 0.21 MPa (30 psig) 

126. Verify supply .anifold bypass valve (#2, -231 and pump bypass valve (#16) 
are closed 

127. Close pump fill valve (#15, #44) and tank, fill valve (#17, #4 5 ) 

128. Open purge solenoid LN 2 manifold and test seal cavity 

129. Adjust GHe manual control (Z) pot until P12 for 0.0 V dc 

130. Switch Soltec recorder off 

131. Shut down hydraulic system 

132. Fully close GN 2 run tank regulator (#39, #34) 

133. Fully close labyrinth seal supply regulator (#41, #24) 

134. Depressurize GN 2 run tank and verify zero pressure 

135. Close GHe supply pressure control regulator (#40, #25) 

]36. Close GHe supply trailer valve & GHe ullage 

137. Open purge solenoid GN 2 seal 

138. Return control panel to pretest condition (except for purge valves and 
bypass valve (#2 and #16) 

139. Purge overnight 

] 40 . Close all purge solenoids 

141. Turn control panel key switch off - remove key 
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8.3.4 Pre- and Post-Test Inspection and . ssembly Procedures 

Prior to the testing of each seal set, the test rig was removed from the test 
facility and taken to the assembLy area. Here, under clean conditions, the 
seal rings and runners were installed. The assembled seal ring clearances 
were then checked using the capacitance probes by manually moving each ring to 
the extremes of its motion. These were logged and compared with the previous- 
ly measured dimensions. 

After each test series, the test rig was again taken to the assembly area. The 
seal assembly was exposed and taken apart in a step-by-step manner. As each 
piece was taken out, its condition was visually assessed. Also, the seal 
housing was observed for signs of wear debris and contamination as the disas- 
sembly proceeded. When disassembling the seals, after the failures of the 
first and third seal sets, the seal rings were found to be tight on the runner. 
To minimize any additional damage due to disassembly, the runner was chilled 
using LN2* This caused the runner to contract and the seal rings to Loosen 
allowing them to be easily removed. On site, photographs were taken of the 
damaged parts. Observations made during testing, assembLy and particularly 
disassembly activities were verbally recorded on a tape recorder and later 
transcribed in a written test Log. 

After the parts were returned to MTI in Latham, New York, the bore of the 
damaged seaL rings and the outside diameters of the runners were measured for 
comparison with the pretest condition. Also, additional photographs were 
taken of the damaged parts including magnified views. 

8.3.5 Instrument Calibration 


Equipment used in the acquisition of data was calibrated, evaluated, main- 
tained and controlled to ensure its accuracy, stability and repeatability in 
accordance with MTl's quaLity assurance program which is based on MJL-Q-9858A. 
The evaluation results were documented. The evaluation required was dependent 
on the type of equipment and its intended use. 
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8. 3. 5.1 Commercial Equipment . Commercial equipment for which sufficient 
information was available relative to its accuracy, stability, and repeat- 
ability were not evaluated if used according to established practices. Howev- 
er, the equipment was calibrated and the results documented. Included in this 
category were all pressure transducers, thermocouples, accelerometers, speed 
pick-ups, instrument preamplifiers, and readout instrumentation. 

8. 3. 5. 2 Special Instrumentation . Specially designed equipment was evalu- 
ated. The equipment was checked out prior to actual use by using actual test 
procedures and conditions to verify the suitability of the equipment for use, 
adequacy, stability, and repeatability. The capacitance probes used for film 
thickness and rotor motion measurement fell into this category because of 
their special size, material and use in cryogenic fluids. Capacitance probe 
calibration was ac uuplished by generating a probe gap versus output voltage 
curve. This established the sensitivity, range and linearity. Gap versus 
voltage curves were generated for all probes at room temperature in air. 
Additionally, those probes which were to operate in liquid nitrogen were cali- 
brated in that fluid at atmospheric pressure. Cold calibrations simulated 
actual operating temperatures and fluid dielectric constants. The ability of 
the probe to withstand the large temperature transients was tested by repeated 
immersion in liquid nitrogen after which a visual inspection and both cold and 
ambient gap versus voltage curves was made. 

Calibration procedures, records, and evaluation documentation on data acqui- 
sition equipment were maintained. This applies to instruments provided inter- 
nally by MTI and to instruments provided by the test lab. This information is 
available to NASA upon request. 

8.3.6 Data Reduction 


During the testing, data were recorded in three ways: digital tape cassettes, 
analog magnetic tape, and strip chart recordings. 

A Columbia Model 300D digital tape storage system connected directly to a 
Fluke Model 2280 data logger serially recorded all test data, transducer iden- 
tification codes, and the time of each data scan. This was the principal 
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means of recording data throughout the testing. The data logger was triggered 
to start recording before each test run and conth « -.*-1 mtii after the testing 
stopped. The approximately 40 transducer signals were completely scanned and 
recorded every 3 s. Every fifth data scan was additionally printed out on a 
paper tape to permit preliminary data analyses and provide a back up for the 
digital cassettes. Figure 8-2 shows a typical scan. 

The tape cassettes were returned to MTI after the test series for computerized 
reduction. The tape cassettes were played back through an identical tape 
storage system and into MTl's IBM 4341 mainframe computer. The data were 
filed and output generated in various tabular and graphical forms for analysis 
and comparison with theoretical predictions. In several cases, theoretical 
relationships were simultaneously plotted with the experimental results. 
Figure 8-3 shows a typical computer generated plot of this format. 

Analog magnetic tapes and strip chart recordings provided additional documen- 
tation of test data. Whereas the data logger sampled each signal every 3 s, 
data were continuously recorded on parallel channels on the analog and strip 
chart recorders. This was necessary to capture key data which varied rapidly 
during transients such as the acceleration runs. Strip chart recordings were 
taken of speed, seal supply pressure, drain pressures, flows, and seal temper- 
atures during each run. 

Magnetic tape recordings of speed, capacitance probe output, rotor and rig 
vibration were also made. The tape recordings were reviewed and analyzed to 
evaluate the dynamic behavior of the seal rings. Oscilloscope photographs 
were taken for a permanent record. 
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Typical Seal Operating Sequence 
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Fig. 8-2 Typical Data Logger Scan from Seal Test No. 4 
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TABLE 8-1 


SEAL SET NO. 1 STEADY STATE TEST SCHEDULE 


Hallua Supply 
Praaaura (P12) 
kPa, aba 


Outboard Drain 
Praaaura (P2 non.) 
Ui, aba 


Taac Time 
min . 







TABLE 8-1 (Cont'd) 


Shaft 

Data Spaad 

Point rad/a 


Haliua Supply 
Fraaaura (P12) 
kPa, aba 


Outboard Drain 
Praaaura (P2 non.) 
ItPa, aba 


Taat Tima 
min. 
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TABLE 8-2 

SEAL SET NO. 2 STEADY STATE TEST SCHEDULE 


Data 

Point 


Shaft 

Spaod 

rad/a 


Hal lan Supply 
Praaaura (P12) 
kPa, aba 


Outboard Drain 
Praaaura (P2 non.) 
kPa. aba 


Taat rime 

■In. 








TABLE 8-2 (Cont'd] 


Hal lua Supply 
Praaaura (P12) 
kPa, aba 


Outboard Drain 
Praaaura (Pi non.) 
k?a, aba 


8-20 




[] 


Data 

Point 


TABLE 8-2 (Cont'd) 


Shaft 

Spaad 

rad/a 


Ha Hum Supply 
Praaaura (P12) 
kFa, aba 


Outboard Drain 
Praaaura (P2 non.) 
kfa, aba 


Taat Tima 

■in. 





TABLE 8-3 


SEAL SET NO. 3 STEADY STATE TEST SCH EDULE 


Shaft Helium Supply Outboard Drain 








I i 


It 5 

^ . 



a, ; 


Li 



‘i ■ 
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TABLE 8-4 (Cont'ri) 









u 
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TABLE 8~5 

SEAL SET NO. 2 ACCELERATION TEST SCHEDULE 


Supply Preaaure, 
(P12) kPa, aba. 


Drain Praaaure Test Time 
(P2) kPa,, aba min. 




Run No. 


Acceleration Rate 
H - High L - Low 


Max. Speed 
rad/s 
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APPENDIX A 

FLOW THROUGH HELIUM SEAL INCLUDING 
INERTIA EFFECTS 




NOMENCLATURE 


A * Annular cross section area of seal 
C * Radial clearance 

- Discharge coefficient 
1 - Seal length 

P a ■ Downstream ambient pressure 

p^ ■ Intermediate pressure immediately downstream of inlet 
P ci - Intermediate pressure at which flow becomes choked 
p ■ Inlet pressure to seal region 

S i • 

R ■ Gas constant 

■ Intermediate absolute temperature 

T - Absolute temperature of inlet gas 

* s , 

v ■ Fluid velocity 

e ■ Seal eccentricity ratio 

y ■ Ratio of specific heats of gas 

U * Fluid viscosity 

p ■ Fluid density 
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A-3 


There are two regions of flow to be considered over the sealing land : 

(1) An inlet region where the flow is strictly inertial and is treated 
as an orifice. 

(2) A land region where both inertial and viscous effects are considered. 
The unknown is the intermediate pressure between these two regions. 


In the inlet zone, the flow is described by an orifice equation: 

1 / y -1 > 1/2 


q - AC 


2Y \ 1/2 p s p, Y 11 - p . ~ 
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where p ± - p i /p a 
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set p i ■ 

p ci 

(choked inlet) 


( 2 ) 


In the film region the following equations apply: 
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Differentiate above equations with respect to p , set dq/dp 

gL a 

p and call the value to obtained p . 
a c 


0, solve for 
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If p < p , set p ■ p (choked flow) 

3 . C SC 


For isothermal flow, set Y* 1 in equations (11), (12). 
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The flow through the Inlet region Is equ&ted to the flow in the film region 
and the Intermediate pressure Is solved for numerically. 
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appends: b 


INSTRUMENTATION SCHEMATICS 
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Fig. B-l Detailed Instrumentation Schematic 
Sensors and Preamplifiers 


































